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PREFACE  TO  FIRST  EDITION 


•  In  preparing  this  book  the  authors  have  had  in  mind  a  treatise  for 
designing  and  constructing  engineers  following  American  practice  and 
governed  by  the  conditions  which  prevail  in  America.  Theoretical 
discussions  have  been  omitted,  and  in  their  place  have  been  sup- 
plied practical  working  formulas,  examples  of  representative  struc- 
tures, and  records  of  actual  practice  in  the  selection  of  materials 
and  of  methods  of  workmanship  and  construction.  For  convenience 
of  classification  the  book  is  divided  into  three  parts  or  sections.  In 
Part  I  are  given  working  formulas  for  the  calculation  of  all  classes  of 
structures  in  reinforced  concrete  and  such  facts  about  the  properties 
of  concrete  and  steel  as  are  necessary  in  developing  economical  engi- 
neering designs.  Part  II  contains  illustrations  and  descriptions  of  a 
large  number  of  representative  structures  of  reinforced  concrete. 
These  record  actual  practice  in  design  and  show  the  adaptability  of 
the  new  material  to  various  types  and  forms  of  structures.  Materials, 
workmanship,  and  methods  of  construction  are  considered  in  Part  III 
and  are  illustrated  by  numerous  examples  from  actual  practice.  In  this 
part  especial  attention  is  given  to  the  construction  of  centers  and 
forms,  for  concrete  work  and  to  methods  of  facing  and  finishing  ex- 
posed concrete  surfaced.  In  gathering  materials  for  this  book  the 
authors  have  drawn  freely  upon  the  engineering  journals  of  Europe 
and  America,  on  the  proceedings  of  technical  societies,  and  on  per- 
sonal experience  in  designing  and  constructing  works  in  reinforced 
concrete.  Special  acknowledgment  of  indebtedness  is  here  made  to 
"Beton  und  Eisen,"  "Le  G<Snie  Civil,"  "Ciment,"  "Annales  des  Ponts 
et  Chaussees,"  "Engineering  Record,"  and  "Engineering  News,"  and 
to  the  Proceedings  of  the  Institution  of  Civil  Engineers  and  the 
Transactions  of  the  American  Society  of  Civil  Engineers. 

C.  S.  H. 
New  York  City,  September  i,  1904. 
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PREFACE  TO  PART  I 

SECOND  EDITION 

As  THIS  is  the  first  opportunity  accorded  the  author  of  Part  I  to 
make  prefatory  remarks,  brief  reference  will  be  made  to  the  First 
Edition. 

The  acceptance  by  the  author  of  the  publisher's  invitation  to  write 
this  part  was  due  to  an  under-estimate  of  the  difficulty  of  the  task 
and  of  the  increasing  pressure  of  his  regular  occupation.  Twice, 
before  the  second  chapter  was  finished,  he  requested  the  publisher 
to  put  it  in  the  hands  of  someone  with  more  spare  time  and  better 
equipped  for  the  work;  and  offered  to  place  at  the  disposal  of  the 
latter  all  the  material  in  his  possession.  On  account  of  the  demand 
for  an  early  issue  of  the  book,  and  the  difficulty  of  finding  the  right 
man  to  take  up  the  work,  there  was  no  alternative  but  for  the  author 
to  go  ahead  and  do  the  best  possible. 

While  a  considerable  amount  of  useful  information,  tables  and 
formulas  are  given  in  a  simple  form,  available  to  readers  not  possess- 
ing a  knowledge  of  elementary  mathematics  and  mechanics,  including 
graphical  statics,  some  such  knowledge  is  necessary  for  a  thorough 
understanding  and  practical  application  of  all  the  formulas  and  meth- 
ods of  computation  presented.  The  general  plan  adopted  has  been 
to  include  all  information  required  by  the  average  designer  for  com- 
puting ordinary  structures,  so  that  reference  to  other  works,  although 
desirable,  will  be  necessary  only  in  exceptional  cases.  With  this  in 
view,  methods  for  finding  the  resultant  forces  acting  on  retaining 
walls,  dams,  etc.,  are  given  in  Chapter  IV.  On  the  other  hand,  some 
familiarity  with  mechanics  being  presupposed,  it  was  not  considered 
necessary  to  give  the  analysis  for  column  footings  and  spread  founda- 
tions, as  these  are  only  special  cases  of  beam  loadings,  not  very 
different  from  the  footings  of  retaining  walls,  which  are  treated  in 
full. 

The  results  of  new  experiments  may  suggest  modifications  in  the 
values  given  in  Chapter  I  for  the  modulus  of  elasticity  and  safe- 
working  unit  stresses.  For  important  or  unusual  cases  it  will  often 
be  advisable  to  adopt  other  values. 

Chapter  II,  on  Beams,  which  is  probably  used  more  than  all  the 
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PREFACE.  V 

others,  was  never  satisfactory.  In  this  edition  it  is  corrected  and 
greatly  enlarged,  but  it  is  still  far  from  what,  in  time,  it  is  hoped  to 
make  it  It  is  questionable  whether  an  entirely  satisfactory  treatise 
on  flexure  in  reinforced  concrete  can  be  written  until  more  experi- 
mental data  are  available. 

The  chapter  on  Columns  has  been  criticised  as  being  incomplete, 
but  as  the  dimensions  of  concrete  columns  are  rarely  such  as  to  involve 
true  flexure,  there  is  really  little  more  than  straight  compression  to 
take  account  of.  Recent  tests  of  reinforced  concrete  columns,  made 
at  the  Watertown  Arsenal,  are  given  in  Appendix  B. 

Some  have  criticised  the  chapter  on  Arches  for  being  too  long,  while 
others  have  thought  some  additional  explanations  are  desirable.  The 
only  change  made  in  this  chapter,  for  this  edition,  is  the  insertion 
of  a  few  paragraphs  explaining  the  construction  of  the  deflection 
polygons.  With  this  addition  it  is  believed  that  the  chapter  contains 
all  the  necessary  information  for  computing  arches  by  the  elastic 
method.  One  of  the  reviewers  asked  why  an  analytical  method  was 
not  given  along  with  the  graphical  method.  The  method  given  is 
only  partly  graphical;  in  fact,  most  of  the  work  is  analytical.  The 
author  does  not  know  of  a  practical  method  for  analyzing  arches  by 
the  elastic  theory  without  resorting  to  graphical  statics. 

Acknowledgment  to  the  works  and  professional  papers,  which  have 
been  freely  drawn  upon,  is  generally  made  in  the  proper  places  in 
the  text.  Particular  credit  is  due  Moisseiffs  translation  of  Consid^re's 
papers  for  the  data  on  hooped  concrete,  and  on  change  of  length 
during  setting  and  hardening. 

In  revising  the  work  for  this  edition  the  author  is  indebted  to  Mr. 
Leon  S.  Moisseiflf,  Assistant  Engineer  in  Charge,  Department  of 
Bridges,  City  of  New  York,  and  Mr.  F.  E.  Schmitt,  Jr.,  Associate 
Editor  Engineering  News,  for  very  complete  analyses  and  annota- 
tions of  the  entire  part;  to  Prof.  Arthur  N.  Talbot  for  his  re- 
view and  the  valuable  matter  taken  from  his  professional  papers; 
and  to  Prof.  W.  H.  Hatt,  Prof.  E.  B.  Kay,  Mr.  E.  M.  Rosenberg,  and 
many  others,  for  kindly  calling  attention  to  errors  and  omissions. 

He  will  highly  appreciate  a  continuance  of  such  assistance. 

15  William  Street,  New  York,  July,  1906.  A.  W.  B. 


PUBLISHER'S   NOTE 

The  demand  for  the  first  edition  of  Reinforced  Concrete  so  far 
exceeded  the  expectations  of  the  publishers  that  the  edition  was  prac-  i 

tically  exhausted  before  the  work  of  revision  was  commenced — to-  I 

ward  the  end  of  1905.    Although  this  work  was  pushed  forward  as  ' 

rapidly  as  possible,  the  continual  and  unforeseen  delays  in  obtaining 
information,  and  the  pressure  of  regular  work  on  the  part  of  the 
authors,  have  delayed  the  issue  of  the  new  edition  by  some  months.  I 

In  the  first  edition  several   errors,   typographical   and  otherwise,  j 

crept  in,  which  have  been  discovered  by  the  authors  or  brought  to  | 

their   attention  by   readers,   and   have  been   corrected   in   this   new  | 

edition.  j 

It  may  be  well  for  the  publishers  to  state  here  that  this  book  is 
not  the  result  of  collaboration  on  the  part  of  the  authors,  but,  instead, 
it  is  really  two  books  in  one:  Part  I  dealing  with  the  methods  of 
calculation  and  the  design  of  reinforced  concrete,  and  Parts  II  and 
III  dealing  with  the  details  of,  and  methods  employed  in,  construct- 
ing various  classes  of  reinforced-concrete  structures. 

It  was  with  the  intention  of  placing  before  the  public  a  book  treat- 
ing fully  on  these  topics,  and  which  should  be  the  leading  exponent 
of  American  practice,  that  the  publishers  invited  the  work  of  the 
authors — Mr.  Buel,  as  being  a  prominent  specialist  in  design,  and  Mr. 
Hill,  then  one  of  the  editors  of  Engineering  News — ^as  the  most  suit- 
able for  selecting  from  and  editing  the  great  amount  of  valuable  de- 
scriptive matter  that  comes  into  the  offices  of  Engineering  News, 
partly  as  contributions  and  partly  as  articles  in  other  technical  jour- 
nals, and  in  the  publications  of  the  various  engineering  societies. 
Since  the  severance  of  Mr.  HilFs  connection  with  Engineering  News, 
Mr.  Buel  has  accepted  the  task  of  the  future  revision  of  Parts  II 
and  III,  so  that  subsequent  editions  of  the  book  will  be  kept  thor- 
oughly up-to-date. 

The  delay  in  publishing  the  present  edition  has  permitted  the  ad- 
dition, in  appendices,  of  tests  of  beams  and  columns  made  by  Pro- 
fessor Talbot,  at  the  University  of  Illinois,  and  by  the  United  States 
Government,  at  the  Watertown  Arsenal,  much  of  which  matter  has 
not  as  yet  had  wide  circulation.  It  is  hoped  by  the  publishers  that 
this  addition  to  the  contents  of  the  book  will  prove  of  sufficient 
value  to  its  readers  to  warrant  their  patience  in  waiting  for  it  so  long 
beyond  the  original  date  set  for  its  publication. 

The  Engineering  News  Publishing  Company. 
October  i,  1906. 
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REINFORCED     CONCRETE. 


CHAPTER  I.— ECONOMIC  USE  AND   PROPERTIES   OF 
REINFORCED   CONCRETE. 

Concrete  alone,  considered  as  a  building  material,  is  nothing  more 
nor  less  than  a  kind  of  masonry.  The  distinguishing  features  between 
rubble  masonry  and  concrete  are  really  confined  to  the  methods  of 
mixing  and  placing  the  materials.  The  results  obtained  with  rubble 
masonry  made  of  very  small  stone  and  with  concrete  made  of  large 
stone  would  be  practically  identical.  The  old  Roman  concrete  was 
made  with  large  stones,  and  may  be  classified  either  with  rubble  or 
concrete  masonry.  The  value  of  either  rubble  or  concrete  as  a  ma- 
terial for  construction  depends  largely  on  the  quality  of  the  cement 
used  and  the  care  exercised  in  the  mixing  and  placing.  Examples  of 
masonry  structures  composed  of  large  stones  reinforced  or  tied  to- 
gether with  iron  rods  and  bars  are  found  in  the  works  of  all  periods, 
but  usually  only  in  connection  with  cut-stone  masonry.  The  cost  of 
such  reinforcement  was  very  great  compared  with  the  additional 
strength  secured,  and  with  rubble  masonry  the  mechanical  difficulties 
involved  and  the  comparative  cost  render  it  impracticable. 

Reinforced  Concrete — With  the  advent  of  modern  concrete  the  facil- 
ity with  which  reinforcing  rods  or  bars  of  metal  may  be  embedded 
anywhere  in  the  mass  of  the  masonry  was  soon  seen  and  taken  advan- 
tage of.  The  compressive  resistance  of  concrete  is  about  ten  times 
its  tensile  resistance,  while  steel  has  about  the  same  strength  in  ten- 
sion as  in  compression.  Volume  for  volume  steel  costs  about  fiftv 
times  as  much  as  concrete.  For  the  same  sectional  areas  steel  will 
support  in  compression  thirty  times  more  load  than  concrete,  and  in 
tension  three  hundred  times  the  load  that  concrete  will  carry.  There- 
fore, for  duty  under  compression  only,  concrete  will  carry  a  given 
load  at  six-tenths  of  the  cost  required  to  support  it  with  steel.  On 
the  other  hand,  to  support  a  given  load  by  concrete  in  tension  would 
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cost  about  six  times  as  much  as  to  support  it  with  steel.  These  eco- 
nomic ratios  arc  the  raison  d'etre  of  reinforced  concrete,  [f  the  vari- 
ous members  of  a  structure  are  so  designed  that  all  of  the  compres- 
sive stresses  are  resisted  by  concrete  and  steel  is  introduced  to  resist 
the  tensile  stresses,  each  material  will  be  serving  the  purpose  for 
which  it  is  the  cheapest  and  best  adapted  and  one  of  the  principles  of 
economic  design  will  be  fulfilled. 

Other  important  advantages  secured  in  the  combination  of  concrete 
and  embedded  steel  are  that  the  protection  of  the  metal  elements  from 
corrosion  is  practically  perfect;  that,  with  properly  selected  ingredi- 
ents, the  fire  and  heat  resisting  qualities  are  very  high,  perhaps  sur- 
passed by  no  other  building  material  except  fire-brick;  and,  in  many 
cases,  that  the  substantial  appearance  of  a  masonry  structure  is  ob- 
tained at  about  the  cost  of  a  more  or  less  temporary  unprotected  steel 
structure.  When  intelligently  reinforced  with  steel,  concrete  becomes 
a  material  suitable  and  economical  for  beams,  floors,  and  long  col- 
umns, tanks,  reservoirs,  conduits,  and  sewers;  admirably  adapted  to 
arch  construction,  and  often  economical  for  dams  and  retaining'walls. 
Even  in  concrete  that  is  not  subjected  to  tension  or  flexure  it  is  often 
desirable  to  introduce  steel  reinforcement  to  prevent  the  occurrence 
of  cracks  due  to  shock  or  settlement,  or  other  causes. 

Properties  of  Concrete. — A  knowledge  of  the  properties  of  materials 
is  the  first  requisite  for  safe  and  economic  designing  of  structures. 
The  properties  of  reinforced  concrete  comprise  not  only  those  of  the 
concrete  and  of  the  steel  elements  considered  separately,  but  may  be 
said  to  include  those  properties  or  characteristics  of  the  composite 
mass  that  control  the  distribution  of  stresses  between  the  elements 
of  the  combination  of  units  and  determine  the  nature  of  their  inter- 
relation. Such  properties  as  are  required  by  the  practical  engineer  or 
architect  in  intelligent  designing  are  here  assembled  in  concise  form, 
with  values  assigned  to  them  that  are  considered  to  be  safe  and  con- 
servative deductions  from  the  most  recent  experiments  accessible. 
The  scope  and  purpose  of  this  work  does  not  permit  of  an  elaborate 
exposition  of  all  the  recent  experiments  nor  of  an  exhaustive  discus- 
sion of  the  deductions  to  be  drawn  therefrom. 

Portland-cement  concretes  only  will  be  considered.  Concretes  made 
with  natural,  slag,  or  Puzzolanic  cements,  although  adapted  to  many 
uses,  do  not  possess  the  qualities  desirable  for  reinforced  concrete 
structures,  and  all  the  experiments  known  to  the  writer,  on  which 
the  theories  of  reinforced  concrete  are  based,  have  been  with  Port- 
land-cement concretes.  The  object  of  reinforcing  concrete  with  steel 
is  to  secure  greater  strength  or  safety,  or  both,  than  can  be  attained 
with  concrete  alone;  and  excepting  a  few  special  cases  where  the 
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concrete  is  used  principally  for  a  filling  or  to  add  mass  to  the  con- 
struction, concrete  made  with  Portland  cement  will  generally  be  found 
the  most  economical  for  equal  strength,  safety  and  durability. 

The  properties  of  concretes  vary  with  their  age  and  with  the  pro- 
portions and  quality  of  the  ingredients.  The  values  given  here  are 
for  concretes  made  with  (i)  true  Portland  cements  having  a  tensile 
strength  per  square  inch  neat,  in  7  days  of  450  to  650  lbs.,  and  in  28 
days  of  540  to  750  lbs.;  (2)  silica  sand,  not  necessarily  sharp  nor 
coarse,  but  absolutely  clean,  and  preferably  a  mixture  of  fine  and 
coarse;  and  (3)  good,  hard,  screened  broken  stone  or  clean  gravel. 
The  proportions  of  cement  to  sand  generally  used  in  the  mortar  or 
matrix,  and  for  which  there  are  reliable  experimental  data,  vary  from 
I  of  cement  to  i  of  sand  up  to  i  of  cement  to  6  of  sand;  and  the 
proportion  of  mortar  or  matrix  to  the  aggregate  (broken  stone  or 
grayel)  is  from  100  to  no  per  cent,  of  the  voids  in  the  latter. 

This  method  of  specifying  the  proportions,  by  cement  to  sand  in  the 
mortar  or  matrix  and  by  mortar  or  matrix  to  voids  in  the  aggregate, 
is  here  adopted  because  it  is  believed  that  the  ratio  of  matrix  to  ag- 
gregate, where  the  latter  is  good  clean  material,  does  not  affect  the 
strength  of  the  concrete,  except  in  so  far  as  sufficient  matrix  should 
be  provided  to  fill  the  voids  in  the  aggpregate.  Other  things  being 
equal,  the  strength  of  the  concrete  will  be  proportional  to  the  strength 
of  the  mortar,  and  the  maximum  strength  for  a  given  matrix  or  mor- 
tar will  be  attained  when  all  voids  are  filled.  In  practice  this  re- 
quires a  volume  of  matrix  about  10  per  cent,  in  excess  of  the  voids 
in  the  aggregate.  Thus,  if  by  mixing  several  sizes  of  broken  stone 
or  gravel,  the  proportion  of  voids  to  be  filled  is  reduced  from  45  per 
cent,  or  50  per  cent,  down  to  30  per  cent.,  the  proportion  of  matrix, 
cement  and  sand,  to  aggregate  may  be  considerably  reduced  without 
reducing  the  strength  of  the  concrete  or  affecting  its  properties. 
Where  cement  or  sand  are  dear  and  stone  and  gravel  are  cheap,  ad- 
vantage may  be  taken  of  this  method  to  reduce  the  cost  of  the  con- 
crete very  materially. 

The  values  here  given  are  for  concretes  seven  days,  and  one,  three, 
and  six  months  old.  Those  values  should  be  used  which  correspond 
to  the  age  at  which  the  structure  may  be  subject  to  its  full  load. 

Compressive  Strength, — Concrete  is  more  often  used  in  compression 
than  in  any  other  way,  since  it  is  more  economical  and  has  heretofore 
been  considered  more  reliable  under  compressive  strains  than  under 
transverse  or  tensile  strains.  Until  very  recent  years  engineers  and 
architects  hardly  gave  serious  consideration  to  the  value  of  concrete 
as  a  material  to  resist  bending  or  tensile  stresses,  but  at  the  present 
time  comparatively  few  hesitate  to  use  it  in  beams  and  similar  situ- 
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ations  where  it  is  partly  subjected  to  tensile  stress,  and  a  considerable 
number  of  eminent  members  of  both  professions  have  constructed 
works  where  the  tensile  strength  of  the  concrete  is  taken  advantage 
of.  The  best  practice,  where  any  tensile  strains  can  occur,  is  to  rein- 
force the  section  with  steel.  The  two  chief  factors  that  determine  the 
compressive  strength  of  a  concrete  are  its  age  and  the  proportion  of 
sand  to  cement  in  the  matrix.  The  quality  of  the  cement,  sand,  and 
aggregate  have  more  or  less  influence  on  the  resulting  concrete,  but 
with  any  good  brand  of  modem  high-burned  Portland  cement,  clean 
sand,  and  clean,  hard  stone,  substantially  the  same  results  may  be 
secured.  Factors  of  far  greater  weight  are  the  manner  and  condi- 
tions of  mixing  and  placing,  and  the  personal  equation  of  the  operator. 
On  this  account  it  is  extremely  difficult  to  harmonize  or  draw  conclu- 
sions from  the  large  number  of  isolated  tests  that  have  been  made  by 
independent  investigators  under  widely  varying  conditions  and  often 
with  different  objects  in  view. 

A  set  of  experiments  made  at  the  Watertown  Arsenal  for  Mr. 
George  A.  Kimball,  Chief  Engineer  of  the  Boston  Elevated  R.  R.,  in 
1899,  are  the  most  homogeneous  and  systematic  set  of  tests  that  have 
as  yet  been  published,  and  are  given  in  Table  I. 

From  these  tests  Mr.  Edwin  Thacher  has  deduced  formulas  for  the 
ultimate  strength  of  concretes.  They  give  results  that  agree  with  the 
average  of  the  experiments  and  can  be  entirely  relied  upon  for  con- 
cretes carefully  made  from  good  materials.  They  are  as  follows: 
The  ultimate  compressive  strength  in  pounds  per  square  inch  of  con- 
crete : 

-  J  1 J  ,  o^^     ^^^   /     volume  of  sand    \ 

7  days  old     =i3oo — 200  1 — -. 2 :)' 

^      -^  V  volume  of  mceent/ 

I  month  old  =3,100—350  (  do.  ), 

3  months  old=3, 820 — ^460  (  do.  ), 

6  months  old=4,900 — 600  (  do.  ). 

These  formulas  give  the  results  shown  in  Table  II. 
Tensile  Strength. — The  tensile  strength  may  be  safely  placed  at 
one-tenth  of  the  compressive  strength,  and  the  modulus  of  transverse 

rupture,  f=-^f  at  about  i^that  of  the  tensile  strength.  Tetmajer 
gives  the  ratio  as  follows  for  Portland-cement  mortars  consisting  of 
I  of  cement  to  3  of  sand  by  weight : 

Tensile  strength^  /  compressive  strength         y 

^  \8.64-f  1.8  log.  of  age  in  months/ 

Shearing  Strength. — M.  Mesnagen  states  that  the  shearing  strength 
of  concrete  is  from  1.2  to  1.3  times  the  tensile  strength.  Bauschinger 
gives  the  shearing  strength  of  concrete  four  weeks  old  at  1.25  times 


USE  AND  PROPERTIES  OF  REINFORCED  CONCRETE.        7 

the  tensile  strength,  and  at  two  years  old  1.5  times  the  tensile  strength. 
A  paper  on  the  "Shearing  Resistance  of  Reinforced  Concrete,"  by 
S.  Zipkes,  translated  by  Mr.  Leon  S.  Moisseiff,  in  "Cement,"  for 
March,  1906,  gives  the  average  shearing  strength,  at  the  appearance 
of  the  first  cracks,  at  81  lbs.  per  square  inch.  At  the  time  of  rupture, 
he  found  the  average  to  be  357  lbs.  per  square  inch.  Prof.  Moersch 
("Cement,"  July,  1893)  obtained  an  average  shearing  resistance  of 
400  to  440  lbs.  per  square  inch.  Prof.  Moersch's  beams  were  tested 
at  three  months  old,  whereas  Mr.  Zipkes'  specimens  were  all  tested 
at  an  age  of  50  days.  Considering  the  difference  in  the  age  of  the 
specimens,  the  agreement  is  fair. 


Table  I. — Showing  Comfressive  Strength  of  Concrete  as  Determined 
BY  Tests  Made  at  Watertown  Arsenal  in  1899. 


Brand  of  Cement. 


Compressive  Strength,  Pounds  per  Square  Inch. 


7  Days. 


I  Month.  3  Months.      6  Months, 


Mixture  1:2:4. 


Atlas 

Alpha  

1,387 

904 

2,219 

1,592 

2,428 
2,420 
2,642 
2,269 

2,966 

3,123 
3,082 
2,608 

3,953 
4,411 

Gennania   

3,643 

Alsen 

3,612 

Average 

1,52s 

2,440 

2,944 

3,904 

Mixture  1:3:6. 


Atlas   .... 

Alpha  

Germania 
Alsen   


Average 


1,050 

892 

1,550 

1,438 


1,232 


1,816 
2,120 

.2,174 
2,114 


2,063 


2,538 
2,355 
2,486 

2,349 


2,432 


3,170 
2,750 
2,930 
3,026 


2,969 


Mixture  1:6:  12. 


Atlas   

Alpha  

Germania  . . . 
Alsen   

Average 


594 
564 
759 
417 

583 


1,090 

1,218 

987 

873 

1,042 


1. 201 

1,257 

963 

844 

1,066 


1,583 

1,532 

815 

1,323 

1,313 
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Table  II. — Showing  Ultimate  Compressive  Strength  of  Concrete  as 
Determined  by  Thacher's  Formulas. 


Mixture. 


Age. 


7  Days. 

I    Morth. 

3  Months. 

6  Months. 

1, 600 

2.750 

3.360 

4,300 

MOO 

2400 

2.900 

3.700 

1,300 

2.225 

2.670 

3.400 

1,200 

2,050 

2440 

3.100 

1,100 

1,875 

2,210 

2.800 

1,000 

1,700 

1,980 

2,500 

800 

1,350 

1,5-20 

1.900 

600 

1,000 

1,060 

1,300 

i:  I  :3 

1:2  .4 

1:3  :6 
1 :  3J4 :  7 

1:4  : 8 

1:5  :  10 

1:6  :  12 


Modulus  of  Elasticity. — It  has  been  said  that  no  property  of  mate- 
rials of  construction  is  as  uniform  and  reliable  as  the  modulus  of  elas- 
ticity.   This  may  be  true  of  the  modulus  of  elasticity  of  concrete,  but 

Table  III.— Showing    Modulus  of  Elasticity  of  Concrete   as  Deter- 
mined BY  Tests  Made  at  Watertown  Arsenal  jn  1899. 


Brand  of  Cement 


Modulus  of  Elasticity  between  Loads  of  100  to  600. 


7  Days. 


I  Month.  3  Months.     I    6  Months. 


Atlas    .... 
Alpha   . . . 
Gcrmania 
Alsen    . . . 


Average 


Mixture  1:2:4. 


2,778,000 

2,500.000 
2,500,000 

2,592.000 


3,125,000 
2,083,000 

2,778,000 


2,662.000 


4,167,000 
4,167.000 
3,571,000 
2,778.000 


3.670.000 


3,125.000 
3,125.000 
4,167,000 
4,167.000 


3,646,000 


Mixture  1:3:6. 


Atlas  .... 
Alpha  ... 
Germania 
Alsen    — 


Average 


1,677.000 


2,273,000 
1,667.000 


1.869.000 


3.125,000 
2,083.000 
2.273,000 
2,273.000 


2,438.000 


2,778.000 
3.571.000 
2,778,000 
2,778.000 


2.976,000 


3.571.000 
4,167.000 
3,125.000 
3,571.000 


3,608,000 


Mixture 

1 :6:  12. 

Atlas    

1,316,000 

1,667,000 

961,000 

1,562,000 

1. 136.000 
1,786,000 
2,083.000 
1,562.000 

1,786,000 

Alpha    

1,923,000 
1,786,000 
1.786,000 

Germania   

Alsen   

Average 

1,376,000 

1 ,642,000 

1 ,820.000 
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the  great  variation  in  its  value,  as  determined  by  the  experiments  here- 
tofore published,  has  left  the  matter  very  much  in  the  dark.  Its  value 
has  been  stated  all  the  way  from  750,000  to  5,000,000.  This  has  been 
a  discouraging  condition  for  conservative  constructors,  and,  no  doubt, 
has  greatly  retarded  the  introduction  of  reinforced  concrete  in  im- 
portant works.  The  VVatertown  Arsenal  tests  of  1899  give  values  for 
the  modulus  of  elasticity  E  of  concrete,  as  shown  in  Table  III. 

From  Table  III  the  following  formulas  have  been  deduced,  giving 
values  very  close  to  the  averages  of  the  experiments  and  sufl&ciently 
exact  for  all  practical  purposes.    For  concrete : 

7  days  old,     E=2,6oo,ooo-700,ooo  (   volume  of  sand    \ 
'      ''  '  Vvolume  of  cement/ 


I  month  old,  £^2,900,000—300,000  ( 
3  months  old,  £=3,600,000 — 500,000  ( 
6  months  old,  £=3,600,000— -600,000  ( 


cement 
do.  — i), 

do.  —2), 

do.  —3). 


(- 


volume  of  sand 


is  zero  or  less  than  zero 


If  the  term  Vvolume  of  cement  , 
(negative),  the  entire  term  is  to  be  considered  zero.  In  other  words, 
all  negative  values  must  be  considered  as  zero.  Table  IV  shows  the 
moduli  of  elasticity  as  determined  by  the  above  formulas.  These 
values  are  sufficiently  reliable  for  all  ordinary  purposes,  and  are 
probably  as  near  to  the  truth  as  any  that  can  be  deduced  from  the  ex- 
periments at  present  available.  A  large  number  of  carefully  executed 
experiments  will  be  required  to  determine  these  values  with  greater 
precision. 


Table  IV. — Showing  Moduu  of  Elasticity  of  Concrete  as  Determined 

BY  Formulas. 


Mixture. 


Age. 


7  Days. 


I  Month. 


3  Months. 


6  Months. 


1  :3 

2  14 

3  :6 

4  :8 

5  :io 

6  :  12 


2,600,000 
2,600,000 
2,250,000 
1,900,000 
1,550,000 
1,200,000 
500,000 


2,900,000 
2,600,000 
2,450,000 
2,300,000 
2,150,000 
2,000,000 
1,700,000 
1,400,000 


3,600,000 
3,600,000 
3,350,000 
3,100,000 
2,850,000 
2,600,000 
2,100,000 
1,600,000 


3,600,000 
3,600,000 
3,600,000 
3,360,000 
3,300,000 
3,000,000 
2,400,000 
1,800,000 


Mr.  W.  H.  Henby  has  given  forty-eight  determinations  of  the 
modulus  of  elasticity  under  tensile  stress  and  eighteen  under  compres- 
sive stress,  but  the  conditions  were  varied  so  that  they  can  only  be 
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compared  in  groups  of  two  or  three  tests  with  constant  conditions, 
and,  as  would  naturally  be  expected,  the  results  were  very  erratic  and 
are  not  conclusive.  Prof.  Wm.  H.  Burr  concludes  that  the  same  values 
may  safely  be  used  for  the  modulus  of  elasticity  in  tension  as  in  com- 
pression. 

The  values  of  E  are  only  given  for  loads  between  loo  and  600,  since 
these  limits  include  the  practical  range  of  safe  working  stresses  per 
square  inch.  For  purposes  of  computing  the  ultimate  strength,  which 
would  be  for  loads  from  600  to  4,000  lbs.,  E  would  have  considerably 
lower  values.  For  loads  between  1,000  and  2,000  lbs.  the  values  would 
be  from  one-half  to  two-thirds  of  those  given  for  loads  between  100 
and  600  lbs.  For  loads  over  2,000  lbs.  satisfactory  data  are  not  known 
to  the  writer.  Table  V  gives  values  of  the  modulus  of  elasticity  for 
stresses  up  to  2,000  lbs.  per  square  inch  as  determined  at  the  Water- 
town  Arsenal  in  the  series  of  tests  made  for  Mr.  Geo.  A.  Kimball, 
Chief  Engineer  of  the  Boston  Elevated  Railroad,  in  1899.  These  de- 
terminations show  that  the  modulus  of  elasticity  is  very  much  less  at 
stresses  between  1,000  and  2,000  lbs.  per  square  inch  than  between 
100  and  600  and  1,000  lbs.  per  square  inch,  but  they  are  not  sufficiently 
comprehensive  to  form  the  basis  of  any  satisfactory  rule  or  formula 
for  the  ratio  of  the  modulus  of  elasticity  to  the  stress  per  square  inch. 


Table  V.— Showing  Reduction  in  Value  of  R^  with  Increasing  Loads. 
Values  Given  are  the  Mean  of  those  for  Several  Experiments 
WITH  Several  Standard  Brands  of  Portland  Cement. 


Age. 

Concrete  i .  2   4. 

Concrete  1.36. 

■100-600 

joa-1,000 

1,000-2,000 

100-600     j    100-1,000 

1,000-2,000 

7  days 

I   mo 

3   mos 

6  mos 

2,592.000 
2,662,000 
3,670,000 
3,646,000 

2,053,000 
2,444,000 
3,170,000 
3,567,000 

1,351,000 
1,462,000 
2,157,000 
2,581.000 

1,869,000 
2,438,000 
2.976,000 
3,608,000 

1,529,000 
2,135.000 
2,656.000 
3.503,000 

1,219.000 
1,805,000 
1,868.000 

Professors  Boeck  and  Melan  found  a  value  of  E  at  about  750,000 
in  connection  with  the  Austrian  experiments,  where  a  number  of 
arches  were  tested  to  destruction.  In  calculations  of  ultimate  strength 
by  formulas,  assumed  values  of  E  ranging  from  1,500,000  to  750,000. 
according  to  the  mixture,  age,  and  the  ultimate  load  per  square  inch, 
would  seem  to  agree  more  nearly  with  the  average  of  previous  experi- 
ments than  values  of  E  corresponding  to  loads  much  less  than  the  ulti- 
mate strength. 

Two  important  points  to  be  noted  in  connection  with  this  subject 
are  that  the  elastic  limit  of  concrete,  so  far  as  it  has  been  determined, 
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is  very  close  to  the  ultimate  strength,  and  that  its  stress-strain  dia- 
gram is  a  curve,  instead  of  being  practically  a  straight  line,  as  it  is 
with  steel  inside  of  the  elastic  limit.  The  nature  of  this  curve  cannot 
be  determined  from  the  limited  number  of  determinations  that  have 
been  published. 

Working  Loads, — In  Table  VI  are  given  what  are  considered  safe 
working  loads,  in  pounds  per  square  inch,  and  properties  for  concretes 
in  which  the  mortar  or  matrix  is  i  of  cement  to  2  of  sand  and  i  of 
cement  to  3  of  sand,  and  in  which  all  the  voids  in  the  aggregate  are 
filled.  According  to  present  practice,  these  mixtures  will  about  cover 
the  range  for  reinforced  concrete. 

Properties  of  Steel. — ^The  following  properties  of  steel  for  use  in 
computing  reinforced  concrete  sections,  with  the  values  assigned  to 
them,  will  be  used  herein.  These  values  are  believed  to  be  safe,  but 
may  be  varied  as  conditions  require,  according  to  the  judgment  of  the 
designer : 

Ultimate  strength,  58,000  to  66,000  lbs.  per  square  inch. 

Elastic  limit,  55  per  cent,  of  the  ultimate  strength. 

Modulus  of  elasticity,  29,000,000. 

Working  stress,  factor  of  4,  15,000  lbs.  per  square  inch. 

Working  stress,  factor  of  5,  12,000  lbs.  per  square  inch. 

Rate  of  expansion  per  degree  Fahrenheit,  0.00000648  to  0.00000686. 

Relations  between  Concrete  and  Steel. — The  character  of  the  relations 
that  exist  between  the  concrete  and  steel  elements  of  reinforced  con- 
crete combinations  depends  first  on  the  design  of  the  section.  If  the 
two  elements  act  independently  in  resisting  the  stresses,  so  that  either 
the  one  or  the  other  might  carry  all  the  load,  it  may  be  called  a 
composite  design. 

If  some  of  the  forces  are  resisted  entirely  by  the  steel  and  other 
forces  resisted  entirely  by  the  concrete,  so  that  if  the  element  resisting 
one  force  failed  the  entire  section  would  fail,  it  may  be  called  a  com- 
bination .design. 

If  the  disposition  of  the  steel  and  the  concrete  in  the  section  is  such 
that  the  two  elements  act  as  a  single  unit,  all  stresses  being  divided 
between  the  concrete  and  the  steel,  where  the  latter  occurs,  and  that 
the  entire  omission  of  the  steel  would  only  result  in  reducing  the 
strength  of  the  section,  it  may  be  called  a  true  monolithic  design. 

While  many  composite  designs  have  been  loosely  classed  with  "con- 
crete-steel," they  really  have  little  in  common  with  the  combination 
and  monolithic  designs.  Since  the  concrete  and  the  steel  are  inde- 
pendent of  each  other,  and  either  one  may  carry  all  the  load,  it  is 
clear  that  each  element  should  be  calculated  independently  and  like 
an  all-concrete  or  an  all-steel  section,  as  the  case  may  be.    This  is  not 
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Table  VI. — Showing  Safe  Working  Stresses  for  Concrete. 


Mixture 


Age. 


Safety  factor 

Compression,  lbs.* 
I'ension,  lbs 

/^^ 

Shearing 

E  


I  to  a  Matrix- 


I  Month. 


6  Months. 


I  to  3  Matrix 


1  Month.        6  Months. 


6 

400 

40 

64 
50 


5 

500 

50 

80 

62 


6 
600 

96 
75 


5 

700 

70 

112 

87 


2,(XX),000 


3,600,000 


6 

5 

6 

5 

340 

400 

500 

600 

35 

40 

50 

60 

56 

64 

80 

96 

44 

50 

62 

75 

2,300,000      3*360,000 


Rate  of  expansion  \    (Clark)   00000795 

per  degree  Fah-  >    (Rae  and  Dougherty).     .00000655  for  i :  3:  5  concrete 
renheit  )    (Rae  and  Dougherty).     .00000561  for  i :  2      mortar 

^or^'si^el  metimci    (Bauschinger)    ....  570  to  640  pounds  per  square  inch 
surfaS  uTim^^^^      ^"-^^>  636  to  756  pounds  per  square  inch 

Safe  working  adhesion 60  to  100  pounds  per  square  inch 

♦These  values  for  compression  are  intended  for  use  with  the  straight-line 
formulas  only.  For  the  formulas  of  the  parbolic  type  they  should  be  re- 
duced, as  the  latter  give  larger  moments  of  resistance  (A/.)  than  the 
straight-line  formulas  for  the  same  value  of  compression  in  the  extreme 
libers  (//). 

Note. — Prof.  Hatt  also  found  that  the  friction  of  smooth  round  rods 
embedded  in  concrete  after  they  started  to  slip  was  from  50  per  cent  to 
70  per  cent,  of  the  adhesion. 

For  concrete  not  reinforced  with  steel,  use  two-thirds  the  values  given 
in  the  tables  for  tension  and  f—M-^S. 

to  imply  that  the  concrete  may  not  stiffen  the  steel  and  prevent  it 
from  buckling,  but  as  they  do  not  act  together  as  a  combination  or 
unit,  and  as  the  steel  does  not  reinforce  the  concrete,  except  in  the 
manner  that  any  additional  and  independent  section  may  reinforce 
another,  designs  of  this  type  should  scarcely  be  classed  with  concrete- 
steel  or  reinforced  concrete. 

The  illustrations,  Figs,  i,  2,  3,  and  4,  of  the  Roebling,  Rapp,  and 
Youngstown  systems  of  floor  construction,  show  examples  of  this  type 
of  designs.  In  none  of  these  three  is  the  metal  either  embedded  in  or 
protected  by  the  concrete,  and  it  can  scarcely  be  considered  as  more 
than  a  permanent  centering  or  form  on  which  to  build  the  concrete 
structure.  For  temporary  purposes  it  may  be  permissible  to  take  into 
account  the  strength  of  the  metal  element  acting  alone,  or,  as  in  the 
case  of  the  Roebling  arch,  held  against  buckling  by  the  concrete. 
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.^«ficr«ft 


Fig.  I.— Roebling  Arch  Floor. 


I 


Pre.  2.— Youngstown  Iron  and  Steel  Roofing  Company's  Floor. 


^drfcA  or  VU  'T  Bars. 

Fig.  3. — Rapp  Floor  with  Flat  Ceiling. 


Fig.  4. — Rapp  Floor  with  Arched  Ceiling. 

Combination  designs  include  concrete-steel  beams  after  the  concrete 
on  the  tension  side  has  been  strained  beyond  the  point  of  rupture, 
which  will  occur  in  a  well-designed  beam  long  before  the  ultimate 
strength  of  the  beam  is  reached.  Concrete  beams  reinforced  with 
steel,  under  loads  that  produce  maximum  tensile  stresses  in  the  con- 
crete less  than  the  ultimate  strength,  act  as  a  single  unit  and  may  be 
classed  as  monolithic. 

The  most  important  characteristics  or  properties  required  to  deter- 
mine the  distribution  of  stresses  between  the  concrete  and  steel  are 
the  relations  existing  between  the  following: 

^c=area  of  the  section  of  the  concrete. 

>4„=area  of  the  section  of  the  steel. 

-£'c=the  modulus  of  elasticity  of  the  concrete. 

-£'.=the  modulus  of  elasticity  of  the  steel. 

Under  direct  compression  or  tension  the  stresses  will  be  distributed 
between  the  two  elements  in  the  proportion  of  F^\F^\\A^^\A^^^ 
where 
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/;=the  total  stress  in  the  concrete 

and 

/'.=the  total  stress  in  the  steel. 
From  this  is  derived  the  equation 

and  if  ^=^"=  the  stress  per  square  inch  in  the  concrete  and  /,^"= 
the  stress  per  square  inch  in  the  steel,  we  have 

/.-4: —  <^> 

which  is  to  say  that  the  stress  per  square  inch  in  the  two  elements 

is  directly  proportional  to  their  respective  moduli  of  elasticity.   This 

is  derived  directly  from  the  definition  of  the  modulus  of  elasticity 

which  is  the  ratio  of  the  stress  per  unit  of  section  to  the  deformation. 

When  the  modulus  of  elasticity  for  steel  is  stated  to  be  29,000,000,  it 

means  that  one  pound  per  square  inch  tension  or  compression  will 

stretch  or  compress  the  section  an  amount  equal  to  its  length  divided 

by  29,000,000,  and  if  E^  for  the  concrete,  is  1,933,333,  one  pound 

per  square  inch  will  stretch  or  compress  it  an  amount  equal  to  its 

p     29,000,000 

length  divided  by  1,933,333.    If  -r'= =  I5»  and  if   the  same 

^0       1,933.333 

intensity  of  stress  per  square  inch  exists  in  both  the  concrete  and  the 

steel,  the  concrete  will  be  deformed  fifteen  times  as  much  per  unit  of 

F 
length  as  the  steel,  or  in  the  ratio  -  '.     If,  however,  the  stress  per 

square  inch  in  the  steel  is  fifteen  times  that  in  the  concrete,  or  in  the 
ratio  of  E^\  £*„,  then  the  deformation  will  be  the  same  per  unit  of 
length  in  both.  Unless  this  latter  condition  maintains  in  every  part 
of  a  concrete  and  steel  structure  of  any  description  the  surfaces  of 
the  two  elements  in  contact  will  slide  over  each  other  or  the  concrete 
near  the  steel  element  will  be  strained  beyond  its  elastic  limit  or  its 
ultimate  resistance. 

While  it  is  the  invariable  practice  to  meet  this  condition  in  the 
design  of  arches,  columns,  etc.,  concrete-steel  beams  are  quite  gener- 
ally designed  on  the  theory  that  the  steel  does  all  the  work  on  the 
tensile  side  of  the  neutral  axis.  There  is  no  doubt  whatever  that  the 
concrete  on  the  tensile  side  of  a  well-designed  reinforced  concrete 
beam  will  fail  long  before  the  ultimate  strength  of  the  beam  is  reached, 
since  most  all  of  the  tests  to  destruction  have  demonstrated  it  to  be 
so.  This  theory  will  be  treated  at  some  length  in  the  chapter  on 
beams. 

Coefficient  of  Expansion. — The  thermal  changes  in  reinforced  con- 


USE  AND  PROPERTIES  OF  REINFORCED  CONCRETE.      15 

Crete  have  ceased  to  be  a  matter  for  discussion  from  a  practical  view- 
point, and  have  been  relegated  to  the  laboratories  for  the  determina- 
tion of  the  last  decimal  in  the  rates  of  expansion.  Some  of  the  most 
recent  and  reliable  determinations  made  by  Rae  and  Dougherty  at 
Columbia  University  and  by  Prof.  W.  D.  Pence  at  Purdue  Univer- 
sity give  the  rate  of  expansion  for  Portland-cement  concrete  with 
various  proportions  of  sand  and  stone  or  gravel,  such  as  are  gener- 
ally used  in  practice,  at  0.00000545  to  0.00000655  per  degree  Fahren- 
heit. The  latter  value  by  Rae  and  Dougherty  is  perhaps  the  more 
reliable,  as  the  experiments  were  conducted  with  great  care.  Clark 
gives  the  rate  at  0.00000795,  which  averaged  with  the  mean  of  Prof. 
Pence's  determination,  0.00000545,  gives  0.00000670.  This  is  less  than 
2j4  per  cent,  greater  than  the  value  given  by  Rae  and  Dougherty. 

The  rate  of  expansion  per  degree  Fahrenheit  for  wrought-iron  and 
steel  is  given  by  Kent  at  0.00000648  to  0.00000686,  and  by  U.  S.  Re- 
ports on  Iron  and  Steel  at  0.00000617  ^^  0.00000676.  The  mean  of 
these  is  about  0.00000657.  From  this  it  appears  that  the  difference 
in  the  rate  for  concrete  and  for  steel  is  only  a  fraction  of  i  per  cent. 

Aside  from  this  the  large  number  of  reinforced  concrete  structures 
that  have  been  exposed  to  the  weather  in  severe  climates  for  years 
without  any  indication  of  injurious  effect  from  thermal  changes  is  a 
sufficient  proof  that  if  there  is  any  difference  in  the  rate  for  the  two 
materials,  it  is  not  enough  to  be  of  consequence. 

Adhesion  between  Concrete  and  Steel. — Next  in  importance  to  the 
ratio  between  the  stress  per  square  inch  and  the  moduli  of  elasticity 
is  the  adhesion  between  the  concrete  and  the  steel.  Table  VI 
gives  the  ultimate  and  safe  working  values  of  this  property  in 
pounds  per  square  inch.  In  the  design  of  any  combination  or  mono- 
lithic member  of  reinforced  concrete  the  bond  between  the  two  ele- 
ments is  of  vital  importance.  In  the  majority  of  cases  met  in  prac- 
tice, the  relation  between  the  elements  is  such  that  the  entire  stress 
in  the  steel  must  be  transmitted  to  it  by  this  bond  or  adhesion.  When 
the  shear  per  foot  run  between  the  steel  and  concrete  exceeds  the  safe 
working  adhesion,  resort  must  be  had  to  a  mechanical  bond.  Various 
devices  have  been  used  to  obtain  an  effective  bond,  such  as  corrugat- 
ing or  twisting  square  or  flat  rods  or  bars,  driving  rivets  in  flat  bars, 
the  projecting  heads  of  which  serve  the  purpose,  and  deforming  round 
rods  so  that  they  are  made  up  of  alternate  round  and  flat  sections 
but  with  the  same  sectional  area  at  every  point. 

Some  engineers  have  objected  to  the  use  of  square  or  flat  sections 
on  the  ground  that  the  sharp  re-entering  angles  formed  in  the  con- 
crete weaken  the  latter  and  induce  cracks  to  start  from  the  angle 
when  subjected  to  loads  or  shocks.    In  cast-iron,  a  material  that  has 
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several  properties  similar  to  those  of  concrete,  re-entering  angles 
greatly  weaken  the  sections,  and  therefore  castings  are  generally 
boldly  filleted  at  such  angles.  The  writer  does  not  know  of  any  tests 
that  throw  light  on  this  question,  but  notwithstanding  the  fact  that 
considerable  concrete  has  been  reinforced  with  square  and  flat  steel, 
it  would  seem  to  be  safer  and  conservative  practice  to  avoid  all  sharp 
re-entering  angles  in  concrete.  By  far  the  larger  part  of  all  the  rein- 
forced concrete  in  Europe  has  been  made  with  round  rods  or  wires. 
In  some  cases  steel  angles,  I-beams,  or  T's  have  been  used,  but  squares 
and  flats,  if  used  at  all,  do  not  seem  to  have  met  with  general  favor. 
Tests  more  recently  made  in  America  indicate  a  considerable  gain  in 
ultimate  strength  of  rein  forced -concrete  beams  when  rods  are  used 
that  give  a  mechanical  bond,  as  compared  with  beams  made  with  plain 
rods. 

As  this  second  edition  is  just  going  to  press,  reports  on  the  effect 
of  the  California  earthquake  on  buildings  of  different  types  of  con- 
struction are  just  beginning  to  come  in.  These  are  as  yet  too  meagre 
to  form  the  basis  of  any  conclusion.  It  is  worthy  of  note,  however, 
that  the  buildings  with  steel  frames  have  stood  the  test  very  well, 
and  that,  of  the  Leland  Stanford  University  Buildings,  at  Palo  Alto, 
the  damage  was  confined  almost  entirely  to  those  with  brick  or  stone 
masonry  walls,  while  some  buildings  with  monolithic  concrete  walls, 
not  reinforced,  escaped  with  little  or  no  injury.  Some  of  these  build- 
ings had  concrete  floors,  reinforced  with  twisted  rods,  which  are 
reported  to  have  stood  the  test  satisfactorily.  It  would  seem  to  be 
prudent,  in  designing  reinforced  concrete  buildings,  in  localities  sub- 
ject to  earthquake,  to  plan  the  reinforcing  steel  members  so  that  they 
would  be  everywhere  tied  together  and  of  such  strength  that  they 
would  be  in  stability  without  assistance  from  the  concrete. 

The  late  Mr.  Geo.  S.  Morison,  in  an  address  approving  the  principle 
of  reinforced  concrete,  referred  to  such  construction  as  "concrete 
structures  with  metal  structures  inside."  If  the  writer  interprets 
this  correctly,  Mr.  Morison  referred  to  structures  in  which  the  metal 
elements  alone  would  form  a  complete  and  stable  structure,  though 
not  necessarily  one  of  sufficient  strength  to  carry  the  required  loads. 
This  conception  of  a  reinforced  concrete  structure  seems  to  the  writer 
to  be  the  correct  one,  but,  of  course,  it  is  not  the  cheapest  that  can 
be  built.  Many  errors  are  made  in  attempting  to  keep  down  first 
cost,  and  such  errors  enter  into  a  larger  proportion  of  the  structures 
built  during  the  early  stages  of  the  development  of  any  new  method 
or  system  of  construction  than  they  do  afterwards.  As  an  example 
of  this,  all  of  our  early  metal  bridges  in  the  United  States  were  built 
too  light,  even  for  the  loads  then  in  vogue,  and  we  have  come  to  adopt 
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much  heavier  details  than  would  previously  have  been  used  for  the 
same  duty.  The  writer  believes  that  this  applies  with  a  special  force 
to  reinforced-concrete  construction  and  that  the  development  of  de- 
sign will  tend  toward  the  idea  of  making  the  embedded  metal  parts  at 
least  capable  of  supporting  themselves  in  their  position  in  the  struc- 
ture \vithout  assistance  or  connections  from  the  concrete  in  which 
they  are  to  be  embedded.  Of  course,  this  does  not  refer  to  all  kinds 
of  structures,  but  more  especially  to  reinforced-concrete  building^. 
The  Melan  system  of  arch  construction  is  a  good  illustration  of  this 
idea,  as  its  reinforcement  consists  of  a  perfect  metal  arch,  which  is, 
in  stability,  without  any  assistance  from  the  concrete  and  is  some- 
times made  sufficiently  strong  to  carry  the  entire  load. 


CHAPTER  II.— BEAMS  AND  THE  THEORIES  OF  FLEXURE. 

Nearly  every  writer  on  the  subject  has  essayed  to  set  up  a  new 
theory,  or  a  variation  of  some  other  theory,  of  flexure  in,  and  a  new 
set  of  formulas  for  computing  the  strength  of,  reinforced  concrete 
beams.  While  some  of  these  theories  are  deduced  from  a  few  experi- 
ments, others  are  entirely  theoretical,  and  none  are  fully  demonstrated 
to  be  absolutely  true.  This  condition  is  due  to  the  fact  that  not 
enough  experiments  have  been  made  finally  to  establish  any  theory. 
Any  attempt  to  present  the  elements  of  the  fifteen  or  twenty  most 
prominent  theories  would  not  only  expand  this  chapter  to  several 
hundred  pages  of  theoretical  and  mathematical  matter  that  few  read- 
ers would  care  to  wade  through,  but  so  many  different  formulas 
would  be  confusing  to  the  average  busy  constructor  who  has  not  time 
to  analyze  them  all  and  make  a  selection.  Therefore,  after  briefly 
stating  the  basic  principles  of  several  of  the  most  rational  theories, 
and  selecting  those  that  most  nearly  conform  to  the  experiments  that 
have  been  made,  a  few  of  the  most  practical  formulas  covering  the 
several  conditions  met  in  practice  will  be  given  in  a  form  that  can 
readily  be  applied. 

Tests  and  Theories  of  Flexure. — Several  authors  have  advanced  the 
theory  that  the  intensities  of  stress  in  a  reinforced  concrete  beam, 
under  transverse  loading,  vary  as  the  abscissas  of  a  parabolic  or  some 
other  curve.  The  common  theory  of  flexure  is  based  on  the  assump- 
tion that  the  intensity  of  stress  in  any  fiber  is  directly  proportional 
to  its  distance  from  the  neutral  axis.    These  two  theories  are  illus- 
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trated  in  Figs.  5  and  6,  where  mm'  represents  the  intensity  of  stress 
in  an  extreme  fiber. 
While  it  is  entirely  probable  that  the  condition  shown  in  Fig.  6  is 
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Fig.  5. — Diagram  Illustrating 
Modified  Theory  of  Flex- 
ure, or  Parbolic  Formulas. 


Fig.  6. — Diagram  Illustrating 
Conunon  Theory  of  Flex- 
ure, or  Straight>Line  For- 
mulas. 
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Fig.  7. — Diagram  Illustrating 
Presumable  Strains  in  Re- 
inforced Concrete. 


not  absolutely  true,  that  shown  in  Fig.  5  has  not  yet  been  satisfac- 
torily established  by  experiments,  and  it  is  not  on  the  side  of  safety. 
Formulas  derived  from  the  common  theory  of  flexure,  with  empirical 
_  ,  constants    determined    experiment- 

ally, give  results  sufficiently  exact 
for  all  practical  purposes,  as  will  be 
seen  by  comparing  them  with  the 
results  of  experiments,  and  are  more 
conservative. 

The  fibers  or  particles  of  concrete 
in  contact  with  or  adjacent  to  the 
steel    reinforcement    are    probably 
strained    at   a   different    rate   from 
those  fibers  more  distant  from  the  steel,  as  indicated  in  Fig.  7. 

Just  how  much  this  variation  of  strain  is  and  how  much  it  affects 
the  strength  of  the  beam  has  not  been  demonstrated,  but  enough  is 
known  from  the  experiments  that  have  already  been  made  to  justify 
the  neglect  of  this  variation  in  practical  designing. 

Many  writers  have  accepted  the  theory  of  M.  Considere,  that  the 
concrete  in  tension  in  a  reinforced  concrete  beam  can  be  strained, 
without  breaking,  far  beyond  its  elastic  limit  or  even  far  beyond  the 
strain  that  would  break  the  same  concrete  if  not  reinforced.  At  the 
same  time,  those  who  have  accepted  this  theory  state  that  the  strain 
in  the  concrete  beyond  its  elastic  limit,  or  at  least  beyond  the  break- 
ing strain  of  concrete  not  reinforced,  is  produced  without  any  appre- 
ciable amount  of  work. 

In  the  experiments  from  which  M.  Considere  deduced  the  above 
theory,  he  found  that  a  reinforced  concrete  beam  could  be  deflected 
by  transverse  loading  far  beyond  the  amount  at  which  a  concrete 
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beam  not  reinforced  would  break  without  causing  any  apparent  fail- 
ure in  the  concrete  in  the  tension  side. 

Suppose  a  beam,  ABCD,  Fig.  8,  supported  at  R  and  R^,  and  de- 
flected by  a  load  or  system  of  loads  to  the  position  EFGHp'K,    The 
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Fig.  8, — ^Diagram  Illustrating  Considere's  Theory  of  Flexure. 

neutral  axis  NX  cannot  change  its  length  since  there  are  no  hori- 
zontal strains  in  the  fibers  on  that  line,  and  after  flexure  it  will  have 
a  position  similar  to  OPQ,  and  the  parallel  plane  sections  lo  and  mp 
will  take  the  positions  f  o'  and  fn'p\  perpendicular  to  the  new  position 
of  the  neutral  axis,  and  since  this  latter  is  a  curved  line,  To'  and  m'p' 
will  no  longer  be  parallel. 

The  fibers  Im  will  be  compressed  to  a  length  Tm'  and  the  fibers  op 
will  be  stretched  to  a  length  o'p\  M.  Considere  claims  that  the  fibers 
op  were  stretched  to  an  amount  greater  than  the  breaking  strain  of 
concrete,  since  he  observ^ed  a  deflection  of  the  beams  corresponding 
to  such  an  excessive  stretch  of  the  lower  fibers,  and  did  not  discover 
any  cracks  or  failure  in  the  concrete.  He  then  cut  out  pieces  of  con- 
crete from  the  lower  side  of  beams  that  had  been  thus  subjected  to 
transverse  loading  corresponding  to  strains  in  the  concrete  exceeding 
its  ultimate  tensile  strength,  and  upon  testing  them  found  the  con- 
crete uninjured.  From  these  results  he  concluded  that  the  presence 
of  the  steel  reinforcement  so  changes  the  action  of  concrete  subjected 
to  the  tensile  stresses  of  flexure  that  it  can  be  stretched,  without 
breaking,  many  times  the  amount  it  would  stand  without  the  steel 
reinforcement.  It  should  be  noted  that  these  comparisons  refer  only 
to  the  strain  or  stretch  in  the  concrete,  and  do  not  refer  directly  to 
the  load  or  bending  moment.  An  explanation  of  this  observed  phe- 
nomenon is  given  in  the  last  edition  of  Prof.  W.  H.  Burr's  "Elasticity 
and  Resistance  of  Materials." 

Another  series  of  tests  made  at  the  University  of  Wisconsin  by 
Prof.  F.  E.  Turneaure  tends  to  discredit  this  theory.  Prof.  Tur- 
neaure's  beams  had  been  kept  under  water  until  they  were  tested,  and 
as  they  deflected  under  loadings,  moisture  appeared  on  the  surface 
at  some  places  on  the  tensile  side,  apparently  coming  through  cracks. 
These  places  were  marked,  but  an  examination  failed  to  disclose  any 
cracks,  even  under  a  magnifying-glass.  Test  pieces  were  then  cut  out 
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of  the  concrete,  some  between  the  marks  and  some  including  the 
marks.  Those  that  included  a  mark  fell  apart  at  the  place  where  the 
moisture  had  appeared  without  the  applicsttion  of  stress.  Those  that 
were  cut  out  between  the  marks,  like  Considere's  specimens,  had  not 
been  injured  by  the  flexure  of  the  beams,  and  showed  good  results  on 
being  tested.  This  proves  that  the  lines  where  moisture  appeared 
were  real  cracks,  which  were  only  prevented  from  opening  sufficiently 
to  be  visible  by  the  steel  reinforcement.  It  also  indicates  that  M.  Gon- 
sidere  did  not  happen  to  include  a  crack  in  the  test-pieces  he  cut  out 
of  his  beams,  or  did  not  record  any  broken  pieces.  But  whether  the 
concrete  in  M.  Considere's  beams  cracked  or  not,  Prof.  Turneaure 
has  proved  that  it  cracks  in  some  cases,  if  not  in  all. 

In  a  communication  to  the  French  Academy  of  Sciences,  and  pub- 
lished in  No.  5  of  its  "Comptes  Rendus"  for  1905,  translated  by  Mr. 
Leon  S.  Moisseiff  for  "Cement"  of  July  of  the  same  year,  M.  Con- 
sidere  describes  a  later  series  of  tests  made  by  him,  in  which  he  cut 
out  "planks,"  or  sections,  from  reinforced  concrete  beams  that  had 
sustained  elongations  under  flexure  of  from  .022  to  .05  per  cent,  for 
the  first  beam  and  of  .056  to  .107  for  the  second,  or  about  five  times 
the  elongation  that  concrete  not  reinforced  would  stand.  These 
"planks,"  or  sections,  were  subsequently  subjected  to  bending  tests, 
producing  a  computed  tensile  stress  of  from  386  to  446  lbs.  per  square 
inch  for  beam  No.  i  and  316  pounds  for  beam  No.  2.  These  "planks," 
or  sections,  were  cut  out  from  the  original  beam  just  above  the  rein- 
forcement and  entirely  below  the  neutral  axis.  The  upper  portion  of 
the  beams,  after  the  "planks"  were  cut  off,  were  then  subjected  to 
bending  tests,  giving  computed  tensile  fiber  stress  of  514  lbs.  for  beam 
No.  I  and  411  lbs.  for  beam  No.  2.  This  indicates  a  loss  in  strength 
due  to  the  excessive  elongation  during  the  first  test  of  from  10  to  23 
per  cent.  This  series  of  tests  is  very  interesting,  and  tends  greatly  to 
strengthen  the  view  advanced  by  M.  Considere. 

If  the  phenomena  observed  by  Prof.  Turneaure  are  accepted  as  nor- 
mal for  reinforced  concrete  beams,  the  concrete  and  steel  elements 
will  work  together  up  to  the  ultimate  tensile  strength  of  the  concrete. 
After  the  ultimate  strength  of  the  concrete  in  tension  is  reached,  in- 
visible cracks  will  start  at  intervals  on  the  tension  side,  gradually 
extending  to  the  neutral  axis,  which  will,  at  the  same  time,  gradually 
recede  to  a  new  position  nearer  to  the  compression  side.  These  cracks 
relieve  the  concrete  of  further  stress,  and  between  the  cracks  it  is 
not  injured. 

Perhaps  the  most  important  point  to  note  in  connection  with  these 
results  of  Prof.  Turneaure  is  that  the  cracks,  however  small,  let  mois- 
ture pass  out,  and  if  they  let  it  pass  out  they  would  let  it  pass  in. 
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When  exposed  to  the  weather  in  Northern  climates  this  would  be  a 
condition  conducive  to  deterioration.  In  view  of  these  facts,  for  im- 
portant permanent  works  in  exposed  locations,  the  maximum  tensile 
fiber  stress  in  the  concrete  under  transverse  loading  should  not  ex- 
ceed the  values  for  /  given  in  Table  VI  of  the  previous  chapter.  The 
general  custom  of  many  prominent  builders  of  reinforced  concrete  is 
to  ignore  the  tensile  strength  of  the  concrete.  This  is  on  the  side 
of  economy  and,  at  the  present  time,  is  considered  good  practice  for 
all  ordinary  work.  When  this  method  is  followed,  the  properties  of 
the  beam  are  calculated  for  its  ultimate  resistance  to  transverse  load- 
ing, and  the  safe  loads  are  taken  as  some  factor  of  the  breaking  load. 

Testa  of  Reinforced  Concrete  Beams. — The  writer  has  compiled  from 
various  sources,  as  noted,  the  forty-seven  (47)  tests  shown  in  Table 
VII.  The  Kirkaldy  tests  were  made  many  years  ago,  but  the  others 
have  been  made  during  the  past  five  or  six  years.  The  chief  value  of 
these  experiments  consists  in  fixing  the  ultimate  strength  of  rein- 
forced concrete  beams  of  the  kind,  and  under  the  conditions  covered 
by  the  tests,  but  they  are  also  of  some  value  for  comparative  refer- 
ence. 

Table  Vila  gives  the  results  of  tests  of  reinforced  concrete  beams 
made  by  Prof.  W.  K.  Hatt,  and  published  in  the  Engineering  Review 
of  Purdue  University  of  1905.  The  cement  used  in  this  series  of 
tests  was  Peninsula  and  Giants  brands  of  American  Portland.  The 
sand  was  excellent  pit  sand  with  33  per  cent,  voids,  and  the  stone 
was  Kankakee  lime-stone  with  43.7  per  cent,  voids,  the  size  of  the 
stone  being  one  inch  and  under,  and  contained  considerable  crusher 
dust.  The  gravel  was  excellent  pit  gravel  with  20  per  cent,  voids. 
The  concrete  mixture  was  made  dry  and  well  rammed  until  the  water 
Hushed  to  the  surface.  The  metal  reinforcement  was  partly  steel  and 
partly  wrought-iron  with  elastic  limits  of  33,000  lbs.  and  36,000  lbs. 
per  square  inch,  respectively.  The  loads  and  accompanying  deflections 
were  noted,  and  the  loads  were  released  at  intervals  to  obtain  the  set. 
While  the  deflections  were  nearly  in  proportion  to  the  loads  up  to 
the  point  A,  beyond  that  point  the  deflections  increased  more  rapidly 
than  the  load. 

Prof.  F.  E.  Turneaure  has  shown,  in  a  very  interesting  set  of  ex- 
periments, described  in  detail  in  the  Engineering  News  of  September 
8,  1904,  that,  at  about  the  point  A,  very  fine  microscopic  cracks  ap- 
peared, as  shown  by  water-marks  on  a  wet  beam.  Prof.  Turneaure's 
tests  included  the  measurement  of  the  longitudinal  deformation  at 
top  and  bottom  over  a  length  of  14  ins.,  which  data  adds  greatly  to 
the  value  of  the  experiments.  It  is  now  generally  recognized  that 
point  A  closely  corresponds  with  the  ultimate  tensile  strength  of  the 
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Table  VII.— Showing  Rbsu^ts  of  Tbsts  of  Rsinforcso 


Size  of  Specimen. 

Connrte 
.Mixture. 

Reinforcement. 

No. 

of 

Test. 

Span. 

in 
Feet. 

HeiKht 
Ins. 

Ins. 

Width 
b. 
Ins. 

Bottom. 

Top. 

Kind 

of 

Bar. 

Vertical 
Metal. 

No. 

Size. 

No. 

a 
a 

Size. 

I 
a 
3 
4 
5 
6 
7 
8 
9 

5 

12 

a 

la 

Crushc<l 
bnck 
I  to  a 

1 
10 

Bolls 

or 

dowels 

^'  to   15* 

aiiart 

~ 

lO 

4    15 

4 

i 

60 

I  :  .\  :  t) 

1- 

Twisted 

— 

XI 

la 

13 
U 
15 
i6 

6 
11;.,  5 

4 
IT 

i 

10 

5 

1:3:6 
1:2:4 

I  ;  3  :  f> 
I  :  a  .  4 

a 

_4 

a 

r 

13    16 
1'  rd. 

Thacher 

— 

17 
i8 
19 

30 

ao 

34 

IJ 

I  :  a  :  ai 

1316 

i-rd. 

1- 

Twisted 
Plain 

Twisted 
Plain 

I'Xi.  16' 
I'Xi    16- 

ai 
aa 

II 

13 

1.8  s 

8 

1  :  3..  6 

t 
a 



Twisted 

— 

a 

as 
a6 
»7 
a8 

89 

30 
31 

II 

12 

i.,«5 

8 

I  :  J  :  6 

X 

I 

I 

a 

1 

Twisted 

— 

3a 
33 
34 

!! 

.' 

2  .06 

.. 

!! 

.. 

!! 

2 

1 

•*• 

x6 
stirrups 

11 

u 

39 
40 
41 
43 

43 
44 
45 

I 

.. 

1.85 

•' 

.< 

1 
I 
a 
a 
4 
4 
I 
2 
a 
4 
4 

2 
I 

r  sq. 
l'  sq. 

r  sq. 

— 

— 

Plain 
Twisted 

Plain 
Twisted 

Plain 
Twisted 

Plain 
Twisted 

Plain 
Twisted 

Plain 

Twisted 
Twisted 

— 

46 
47 

•' 

•• 

'• 

- 

i   'SCI. 

I'  s<i. 

— 

— 

Expanded 
Metal 

concrete,  and  that,  after  this  point  is  reached,  there  is  a  readjustment 
stage  for  increased  loadings,  during  which  the  neutral  axis  changes 
its  position.  After  the  readjustment  stage,  the  increments  in  the 
deformation  of  the  steel  are  nearly  proportional  to  the  increments  of 
the  load  applied. 
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CoNCRBTB  Beams  Compiled  prom  Various  Sources. 
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M.  in 

Remarks. 

Age 

at 

Weight 

Kind 
of 

Load 
Producing 

In.-lbs. 
at 

No. 

of 

Test. 

Beam. 

Load. 

Failure. 

Frac- 

C — concrete. 

Authority. 

Test. 

Days. 

Pounds. 

Pounds. 

ture. 

R.-rod. 
Bk. «  broke  or  broken. 

I 

60 

Ctr. 

16.761 

C.  gave  way.  R.  not  Bk. 
C.  parted,  R.  not  Bk. 
R.  Bk.  at  bolt-hole 

Kirkaldy 

2 

to 

" 

18.441 

for 

3 

90 

*' 

19.703 

Hyatt 

4 

*' 

18.459 

do. 

do. 

5 

•• 

** 

17.485 

do. 

do, 

6 

" 

'* 

19.399 

do. 

do. 

7 

" 

•* 

19.559 

do. 

do. 

8 

•• 

" 

21.967 

do. 

do. 

9 

" 

19.241 

C.  crushed,  R.  not  Bk. 

10 

21? 

" 

21,220 

C.  failed 

E.  F.  Miller 

IZ 

79 

" 

2.228 

R.  Bk. 

E.  Thacher 

xa 

84 

" 

2.237 

do. 

do. 

13 

84 

" 

2,091 

do. 

do. 

14 

I? 

*• 

4.985 

do. 

do. 

jl_ 

*' 

5.095 

do. 

do. 

83 

1 

" 

4.985 

do. 

do, 

17 

42 

•' 

46,000 

. 

Bostob 

18 

56 

•* 

42,600 

Stirrups    a'  c.  to  c. 

Rapid 

IQ 

42 

" 

34,000 

Transit 

30 

S6 

" 

23.000 

Stirrups  12"  c.  toe. 

8th  Rep'rt 

21 

40 

1,198 

•• 

1,302 

62,733 

Vert.  Bk.  near  center 

2x  to  47 

22 

40 

z.aoo 

'* 

X.300 

62,700 

Do.  and  R.  Bk. 

M.  L  of  T. 

23 

39 

1,205 

2-Pt. 

10,095 

241,973 

Vert.  Bk.  near  one  load-     R.  Bk. 

24 

38 

x,i6o 

C. 

13,680 

470,580 

C.  crushed  on  top 

25 

50 

1.290 

" 

14,710 

506,71s 

26 

50 

1.204 

15.796 

541,134 

27 

41 

1. 195 

" 

12.805 

442,283 

Longitudinal  shearing  break  at  or  a 

28 

41 

1.240 

" 

x8,76o 

639,540 

little  above  the  remforcing  bar. 

29 

42 

1,274 

'* 

23,105 

783,486 

and  in  addition  a  break  extend- 

30 

42 

1.279 

" 

21,105 

717,569 

ing  diagonally  (often  at  an  in- 

31 

45 

1.294 

" 

23,105 

783.816 

clination  of  45  degrees)  upward 
toward  the  center.     The  point 

32 

30 

1,282 

2-Pt. 

24.000 

553,553 

where  the  diagonal  break  joined 

33 

31 

1.292 

" 

29.200 

663.718 

the  top  of  the  beam  was  some- 

34 

30 

1. 341 

" 

24,000 

554,527 

times  at  the  point  of  application 
of  the  load  and  sometimes  near 

35 

S3 

1.292 

" 

15.250 

356,818 

it.   This  note  applies  to  all  tests 

36 

49 

1,211 

" 

16,500 

382.983 

except!,  2,  3,  4,  19,  20,  and  21.* 

37 

43 

1,271 

" 

15.950 

370,700 

38 

40 

1.200 

*' 

19.000 

438.807 

39 

35 

1,261 

*' 

17.500 

378,065 

B 

k.  at  crack  about  18"  from  center 

40 

33 

1.213 

" 

20,000 

433.329 

Failed  by  longitudinal  shear 

41 

57 

1,2x3 

" 

12,500 

295,015 

Vert.  Bk.  at  load.     R.  pulled  Out 

♦  2 

54 

1.248 

" 

22,250 

510,092 

43 

57 

I,22X 

" 

20,250 

465,647 

Handling  crack.     Failed  like  40 

44 

47 

1,203 

" 

19,250 

443.350 

45 

50 

1,192 

15.250 

355.168 

46 

40 

1.2X5 

'• 

24.250 

553,548 

Sheet  of  expanded  metal  in  vertical 

47 

49 

1.222 

21.750 

498,688 

plane  of  center  line. 

Table  VHb  is  taken  from  a  paper  by  Prof.  Arthur  N.  Talbot,  in 
the  Journal  of  the  Western  Society  of  Engineers  for  August,  1904 
(Engineering  News,  August  11,  1904),  and  gives  the  stresses  found 
in  the  steel  reinforcement  and  the  resisting  moment  developed  by  the 
steel  at  certain  loads,  as  calculated  by  the  methods  and  assumptions 
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TaBLB  VIlA.^TBfTS  OF  RxriTFOKCBD  COKCmBTB  BbaMS 

Prom  EngiiMenBC  Review 
8x8  Inches  in  CroM  Secticw  and  Puun  Bms. 


Beam 

Span 

Per  Cent.  Metal 

No. 

of  total 

of  cross- 

of 

m 

cross 

section 

IncLes 

Age 

Concrete 

Point 

Pirn 

Test 

Inches 

section 

above  steel 

Days 

Mixture 

"A" 

Crack 

I  :  a  :  4 

51 

80 

0.0 

0.0 

aS 

Stone 

i.aoo 

5* 

'* 

0.0 

0.0 

a8 

'* 

i.aoo 

53 

" 

0.3 

0.343 

iia 

** 

a. 000 

54 

" 

0.6 

0.691 

xt6 

** 

i.tee 

4.000 

^^ 

" 

I.O 

1.07 

*5 

** 

a.  500 

7.950 

56 

" 

I.O 

1.07 

V 

'* 

a.  500 

6.S00 

57 

" 

1.0 

1.07 

80 

" 

4.000 

7.500 

58 

" 

I.O 

1.07 

80 

" 

3.500 

8.950 

U 

•« 

x.a 
x.a 

i.a8 

i.aS 

109 
04 

" 

;:JI2 

5.500 
5.500 

6x 

" 

1.8 

1.93 

90 

" 

6.078 

69 

** 

X.8 

1.93 

109 

" 

a,50o 

8.000 

63 

*' 

1.8 

1.93 

III 

a. 750 

7.000 

64 

" 

a.o 

a.  14 

»7 

■" 

3.000 

10.000 

65 

'* 

a.o 

•14 

«5 

" 

3.000. 

10.000 

66 

" 

a.o 

a.  14 

80 

*' 

1.800 

XI.OOO 

67 

" 

a.o 

».I4 

80 

" 

a.309 

13.000 

68 

AverBge. . . 

3.1 

3-3> 

108 

•.300 

X  3.000 

69 

80 

I.O 

I. "5 

7 

•# 

4.aso 

70 

I.O 

i.«5 

9 

,1*.     ' 

f.oee 

3.500 

7« 

I.O 

I. as 

:i 

" 

a. 500 

5.000 

7« 

I.O 

1. 85 

" 

a. 000 

5.000 

73 

I  .a 

I.  SO 

109 

a.aoo 

4.500 

74 

I. a 

1.50 

106 

" 

a. 000 

4.500 

75 

a.o 

a.  50 

as 

9.000 

5.750 

76 

Average. .  . 

a.o 

«.5 

a7 

a.  500 

6.500 

77 

80 

1 .0 

1.07 

80 

.. 

s.aso 

4.000 

78 

" 

1.0 

1.07 

80 

" 

3.000 

7.500 

79 

" 

I.O 

1.15 

15 

30 

*' 

9.000 

4.000 

80 

*" 

1 .0 

i.«5 

«    5 

.^0 

'* 

a, 000 

5.500 

8x 

" 

a.o 

a.  14 

80 

" 

4.000 

7.000 

83 

Average. .  . 

a.o 

a.  14 

80 

3.500 

6.000 

83 

60 

1 .1 

1. 18 

*.o 



t.6oo 

8.000 

84 

60 

I.I 

1. 18 

90 

'* 

1.600 

7.000 

85 

40 

X  .  I 

1. 18 

90 

3.000 

9.000 
8,000 

86 

40 

I.I 

1. 18 

90 

" 

3.750 

87 

ao 

I .  I 

1. 18 

90 

" 

4.000 

14.000 

88 

ao 
Average.  . . 

I .  I 

1. 18 

90 

5.000 

14.000 

«9 

80 



0.5 

0.536 

90 

I  :  5 

Gravel 

9.400 

4.  a  50 

90 

0.5 

0.536 

90 

" 

a. 000 

4.000 

91 

I.O 

1.07 

28 

" 

3.000 

7.500 

93 

X  .0 

1.07 

28 

" 

a. 000 

7.000 

93 

I.O 

1.07 

1^0 

" 

9.500 

7.500 

94 

I.O 

1.07 

iiO 

a.soo 

8.500 

95 

2.0 

a.  14 

28 

" 

a. 000 

11.500 

96 

Average.  .  . 

a.o 

a.  14 

28 

a. 000 

13.100 

Average  of 

Nlaxim 

Minim 

3i\\'.  '..'/.'. 

um 

urn 

97 

o.S 

X 

I  yr. 

1:2:4 

9.000 

ii.500 

given  by  Prof.  Talbot,  as  follows.     The  position  of  the  center  of 
gravity,  or  centroid,   of   the   compressive   stresses   is   taken   in   the 
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By  Propxssor  W.  K.  Hatt. 

Purdue  University.  x« 
Loaded  at  Center. 


(For 


gxxws  loads,  add  950  Iba.) 


Net  Load. 

Deflection. 

Ratio 

Ratio 

Point 

First 

Ratio 

Ratio 

to  A 

Ult. 

to  A 

"A" 

Crack 

to  A 

Ult. 

to  A 

9,400 

9.00 

o.oox 

0.003 

3.00 

9.900 

X.86 

.004 

.0x4 

3.50 

3.800 

a.aa 

5.000 

a. 78 

.090 

O.X33 

.138 

6.66 

.185 

9. as 

J. 90 

7.500 

3.00 

.0x6 

8.65 

.145 

V.U 

9.60 

7.300 

9.9a 

.095 

.150 

6.00 

.177 

X.87 

8.000 

9.00 

•031 

.105 

3.39 

.X99 

3.94 

9.36 

8,500 

9.4a 

.099 

.145 

5.00 

Mi 

il^ 

3.U 

11.750 

6.70 

.0x6 

.093 

5.80 

3  05 

xo.ooo 
19.800 
14.000 

5.55 

.094 

.115 

4.79 

.940 

xo.oo 

........ 

3.«9 

""s'.ei" 

.098 

.133 

"4.75   * 

"•Ail" 

a. 59 

14.500 

5-a7 

.049 

.199 

9.90 

6.67 

J. 33 

X  9.000 

4.00 

.099 

.158 

7.91 

.847 

XX.  90 

IM 

xi,8oo 

3.93 
8.34 

.036 

6.07 

.ao8 

8.00 

X5,ooo 

.090 

.178 

8.90 

.a79 

13.94 
8.93 

4.64 

x5,8oo 
X  6.000 

5.64 

.096 

.X69 

6.93 

.ai4 

5.6s 

6.9-5 

.090 

.150 

7.50 

.x8x 

?:8l 

3.36 

4.31 

6.04 

6,000 

.160 

■JJI 

1.75 

5.500 

a.  75 

.096 

.xox 

3.89 

10.77 

9.00 

5.500 

9.90 

.096 

.140 

IM 

.163 

6.98 

a. 50 

6.950 

3.1a 

.090 

■X 

.186 

9.30 

9.04 

8.000 

3.67 

.028 

3.11 

.900 

,MI 

.9.95 

7.900 

3.95 

.016 

.084 

5.a5 

.906 

9.87 

10,950 

51a 

.090 

.109 

5.45 

.978 

13.90 

9.60 

10.950 

4.11 

.030 

.133 

4.43 

.978 

9. as 

9 .99 

3.56 
9.65 

4.90 
1.46 

9.93 

1.78 

6,000 

.094 

.035 

.139 

5.79 

9.50 

8,000 

9.66 

.097 

•'i^ 

4.a5 

.133 

i-M 

9.00 

6,500 

3a5 

.030 

.087 

4. 35 

.176 

a.  75 

6,400 

.      3ao 

.017 

.138 

8.13 

.170 

xo.oo 

1.75 

X3.000 

3.a5 

.048 

.098 

9.04 

.ai4 

4.46 

l.li 

15,000 

4.a9 

.036 

.076 

9.  IX 

.970 

7.50    ■ 

3.a9 

6.89 

3.7a 
7.41 

6.91 

II  .56 

5.00 

10,900 

■013 

.100 

.156 

4.37 

X4,ooo 

8.:6 

.014 

.077 

5.50 

.904 

14.57 

8.55 

3  00 

13.000 

4.33 

.009 

.040 

4.17 

.089 

a. 13 

X7.150 

4.58 

.008 

.030 

3-75 

.098 

X9.9S 

i.S, 

18,950 

::ii 

.COS 

■.III 

3.7a 

.041 

!■'♦ 

94.000 

.001 

5.00 

.013 

8. 13 

3.47 
1.77 

5.64 
1.77 

4.9a 
6.30 

10. 55 
6.30 

4.a50 

.020 

.196 

.196 

9.00 

4.300 
8,000 

9.00 

.005 

.XIO 

7.3 

.196 

8.40 

9.50 

9.66 

.095 

.160 

6.4 

.176 

7.04 

3.50 

7.000 

3.50 

.0x9 

.190 

xo.o 

.190 

xo.oo 

3.00 

8.000 

3.ao 

.015 

.14a 

9.46 

11.8s 

.142 

9.46 

XI. 85 

3.41 

8,500 

3.41 

.014 

.166 

.166 

5.75 

11.500 

5.75 

.090 

:a3 

X9.70 

Mi 

X9.70 

6.55 

13.100 

6.55 

.0X4 

17.70 

17.70 

3.56 
a. 95 
6.55 
1.73 
X.96 

4.06 
8.?6 

XO  .  91 

10.43 

5  96 
X7.70 

9 .  14 

90.60 

1 .  r** 

X.46 
3.0 

95.000 

9.80 

"ioos" 

'.oi's' 

.a9 

60.00 

calculations  to  be  four-elevenths  of  the  distance  down  to  the  neutral 
axis,  as  determined  by  an  analysis.     The  stress  in  the  steel  is  based 
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TABLE  VII  B. — Showing  Rbsvlts  of  Tbsts  and  thb  Pigvrbd  Moments  op  Rbinporcbd 

CONCRBTB  BBAMS  TbSTBD  AT  THB  UnIVBKSITY  OP  ILLINOIS  IN    1903*4. 


Area  of 

Extensomet«r    Maximum    Load  con-       Total 

Beam 

Amount  and  kind  of        metal. 

gage  length,          k>ail. 

sidered.    elongation 

No. 

^inforcement  • 

sq.  in. 

inches. 

ixjunds. 

pounds.       of  sicrl, 
inche:.. 

lax 

-. 

-*•  Plain 

round.. 

59 

60.5 

9.000 

8.000           .06^15 

119 

Z16 

i: 

.59 

t>o.s 
60.75 

9.200 
9.900 

9.aoo           .OT55 
9,900           .065 

-  '  Plain 

square. . 

75 

117 
ia7 
109 

.75 

60    5 
60.75 

10.000 

9.500           .059 
25,000           .066 

m        •• 

" 

a .  25 

26,900 
32.800 

—  •  kansome .... 

75 

18.000           .14a 

xiS 

-  • Thacher 

1.20 

61  .25 

18.400 

IS.500           .0715 

no 

I .  ao 

60.87 

16,600 

14.500           .065 
aa.ooo           .064 

laa 

-  'Kahn 

a  40 

56.75 

24.400 

104 
114 

2 .00 

61  .25 
61.5 
61.25 
60.25 

23.000 

ai.ooo           .069 
17.000           .06a 
13.000           .o6a5 

31,000               .XOI 

^      •• 

1 .60 

17.200 

• 

I .  ao 

15.000 
34..«oo 

6— 1*  Johnson.. 7.. 

a.  19 

H3 

—  •        " 

1.40 

60.6a 

29,000 

27.500           .III 

X90 

—  *        •■ 

x.oo 

60.75 

ao.900 

ao.ooo           .13a 

xoa 

•        •• 

1 .00 

60. 75 

60.5 

60.75 

ao.6oo 
14.000 

19,000           .119 
X3.000           .1175 
12.000           .1065 

Estimated 

107 

60 

103 

m           •• 

60 

I4,ooa( 

q— ♦x. 

Resisting 

Bending 

total  bend- 

Stress in 

X 

moment. 

moment. 

Mo 
M 

ing  moment,  ti 

Beam 

steel. 

II 

M. 

M 

No. 

b 

persq.in. 

inches. 

inches. 

in.-lbs. 

in.-lbs. 

in-lbs.         Ml 

X»I 

3a.900 

4.00 

10.55 

204,000 

324,000 

.91 

261.000        .78 

119 

37.400 

4.50 

10.36 

22M.000 

257.600 

.88s 

394.600        ,775 

X16 

32.100 

4.50 

10.36 

250.000 

277.200 

.90 

313.200        .80 

117 

a9.300 

t:ll 

X0.45 

22<^.OO0 

266,000 

.86 

3oa.ooo         .  76 

1*7 

34.900 

9.68 

760.000 

700.000      I 

.083 

725.500       I   05 

X09 

70,000 

3.75 

X0.64 

55g.ooo 

504.000       X 

.  IX 

540.000       I  .035 

"5 

35.000 

4. 75 

10.27 

431.000 

434,000 

.99 

466.000         .925 

XIO 

32.000 

4.75 

10.27 

394.000 

406.000 

.97 

438,000         .90 

xaa 

3.?.8oo 

7.87 

9.14 

743.000 

616.000       X 

.20s 

64 1 ,000       1 .  1 6 

104 

33.800 

5.6a 

9  96 

67^000 

588,000     I 

.14 

615.000       1   095 

XX4 

30.200 

5.50 

10.00 

483.000 

476.000      I 

.013 

505.500         .955 

\li 

30,600 

S-oo 

XO.18 

374.000 

364.000       X 

% 

396.000         .945 
893.500        1.15 

50.300 

7.25 

9.36 

1.030,000 

868,000       X 

"3 

54.»oo 

5.75 

9-91 

751.000 

770.000 

.975 

800.500       .94 

xao 

65.aoo 

5.50 

TO  .00 

652.000 

560  000       X 

.163 

593.500       t    to 

xoa 

58.800 

4.75 

10.27 

604.000 

532.000       X 

■  135 

565.500       1.07 

107 

58.300 

3.75 

10.64 

372.000 

364.000       X 

.oa 

401.000            92$ 

X03 

53.600 

3   63 

10.68 

JJ6.000 

3  ^6.000        I 

.00 

373.000      .90 

upon  the  observed  deformations,  using  the  coefficient  of  elasticity 
found  for  the  naked  steel  bars.  The  moment  of  resistance  of  the 
beam,  neglecting  tension  in  the  concrete,  is  found  by  multiplying  the 
tension  in  the  steel  by  the  distance  from  the  center  of  the  steel  to  the 
centroid  of  the  compressive  stres.ses  in  the  concrete. 

Prof.  Talbot's  beams  were  15  ft.  4  ins.  long,  12  ins.  wide  and  I3J^ 
ins.  deep,  with  the  center  of  the  steel  reinforcements  12  ins.  below 
the  top  of  the  beam.  The  span  was  14  ft.  and  the  loads  were  applied 
equally  at  two  points,  which  divided  the  span  into  three  equal  parts. 
The  beams  were  made  with  Chicago  AA  Portland  cement,  which 
gave,  in  i  to  3  mortar  tests,  a  tensile  strength  of  233  lbs.  in  7  days, 
and  400  lbs.  in  60  days.  The  sand  was  fairly  clean  with  29  per  cent, 
voids,  and  the  stone  was  crushed  limestone,  ranging  between  J4  »" 
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and  ij^  ins.  in  size  with  44  per  cent,  voids.  The  concrete  was  mixed 
in  the  proportions  i  of  cement  to  3  of  sand  and  6  of  stone,  by  loose 
volume.  Plain  concrete  beams,  having  the  dimensions  of  the  rein- 
forced concrete  beams,  gave  a  modulus  rupture  of  343  lbs.  per  square 

Du^am  showing  Deformation^  Deflection  and  Alteration  of  Neutral  Axis 
in  Reinforced  Concrete  Beams,  tested  at  the  University  of  Illinois, 
{q  is  the  distance  from  tof>  of  beqm  to  center  of  steel.) 


U t::t:":-_:--::-  .  .. 

0  CO ■ '            t             1                 '    '                 ■ 

%rn      ^  ^    'S     -,                                         I 

qw  ^            _     .    .      

hn -       -                      —1—            — 1— 

Appliad        Load         ^n        ^und?.                              \ 

* . -**                                                                                 ' 

344JOO                                  .1       .      r       .       .    -.- 

^                                                                                                                                                                                                       ^ 

, 

jgcGlDOO             ^-^                           -                    ^                    _     — ,     - 

■               "' 

£BWOO            ^                                                                           ^ 

,                     :                     1 

CwJQO                                                      ~           — '   '     ■^  — ■ .      ^^^^^^^ 

^^^'            ^ZZ     ^^""^       ^^5^''-         "" 

tfliWI  —  ^-.'—                L       _^L ^      ni                                         — T^r 

5^^---^-     ^:d-  --  ^^^(i  ;    ^ 

8.*.™ A^         ZVZJ                        J 

vMwo-"-^  ^f — 1';^-          -;         : 

f                 i"     iS            j     ^ 

\\tm-        -J-   -;^p            -^-                   ; 

^        ^        ?g^ 

ICVWO          -^^k^     f      }r                                   ^                ^            ^ 

aflflo---^-?':--^    ---                   -                     - 

7    "^::_:; 

■*^/      i     -       ~ 

*«»« — t  ----  -  'i    -  -  - 

'^'^r                  [.             CyHt^On         in          h^bBS^ 

>[_               ci   (i  _(k  <;*ixfi  06  <h  cfl  €fe  m  Ji  JL 

*>•       1  1^  S  S  R  f^  R  1  ^  ^  ^  s  ^  §  s 

Deftarmoftiori      per      Unit     f^      Length 

Fig.  ga.    Beam   102;   Five  ^-in.    Johnson   Bars;  0.69%  Reinforcement; 
Maximum  Load,  20,600  lbs. 

inch,  counting  both  the  applied  load  and  the  weight  of  the  beam.  Six- 
inch  concrete  cubes  gave  an  average  compressive  strength  of  2,036 
lbs.  per  square  inch. 

The  reinforcement  consisted  of  plain  round  and  plain  square  rods, 
Johnson,  Thacher,  Ransome  and  Kahn  bars.     The  amount  of  rein- 
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forcement  varied  from  0.06  sq.  ins.  of  metal  to  2.4  sq.  ins.,  or  from 
042  per  cent,  to  i^  per  cent,  of  the  area  of  the  concrete  above  the 
center  of  the  reinforcement.     The  yield  point  of  the  plain  rods  and 

Diagram  showing  Deformatum,  Deflection  and  Alteration  of  Neutral  Axis 
in  Reinforced  Concrete  Beams,  tested  at  the  University  of  Illinois, 
(q  is  the  distance  from  top  of  beam  to  center  of  steeL) 


e    y    i 
S    3    S 

Deformation      pmr 

Fig.  qd, — Beam  114;  Four 
i-in.  Kahn  Bars;  1.11% 
Reinforcement;  Maxi- 
mum Load,  17,200  lbs. 


Fig.  gc. — Beam  104;  Five 
J-in.  Kahn  Bars;  1.39,^ 
Reinforcement ;  Nlaxi- 
mum  Load,  23,000  lbs. 


of  the  Kahn  and  Thacher  bars  was  between  32,000  and  35,000  lbs.  per 
square  inch.    The  yield  point  of  the  Johnson  bars  was  between  55,000  . 
and  60,000  lbs.  per  square  inch.    The  yield  point  of  the  Ransome  bars 
was  not  determined.    The  beams  were  moulded  over  a  strip  of  build- 
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ing-paper  laid  on  a  concrete  floor,  and  were  not  disturbed  until  tested 
at  an  age  of  about  60  days. 

The  deformations  were  carefully  measured  with  an  extensometer, 
and  the  results  are  so  uniform  and  were  obtained  with  such  care  and 


Diagram  showing  Deformation^  Deflection  and  Alteration  of  Neutral  Axis 
in  Reinforced  Concrete  Beams,  tested  at  the  University  of  Illinois, 
(q  is  the  distance  from  top  of  beam  to  center  of  steel.) 


Ottformation       p«r     Unit     of      L«ngtK 

Fig.  9{/. — Beam  113;   Seven   J^-in.  Johnson  Bars;  0.97%    Reinforcelhent ; 
Maximum  Load,  29,000  lbs. 

forethought  as  to  greatly  enhance  their  reliability.  They  are  one  of 
the  most  interesting  series  of  tests  of  reinforced  concrete  beams  that 
have  yet  been  made,  and  a  study  of  the  diagrams,  Figs.  9a  to  9m,  will 
be  found  both  instructive  and  profitable.     These  diagrams  show  the 
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deformations  of  the  upper  fiber  and  of  the  steel  and  the  deflections  of 
the  beams  for  each  increment  of  load,  and  are  typical  for  all  similar 
reinforced  concrete  beams.  The  upper  part  of  the  diagrams  gives  the 
successive  positions  of  the  neutral  axis,  in  per  cent,  of  the  distance 


Diagram  showing  Deformation^  Deflection  and  Alteratiof  of  Neutral  Axis 
in  Reinforced  Concrete  Beams,  tested  at  the  I  niversity  of  Illinois, 
{q  is  the  distance  from  top  of  beam  to  center  of  steel.) 
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Deformation     per     Unit     of     Lenqth, 

Fro.  9^.— Beam    120;    Five    Yi-xn.   Johnson    Bars;   0.6970    Reinforcement; 
Maximum  Load,  20,900  lbs. 

from   the   top  of   the   beam    to   the   center   of   the   steel    reinforce- 
ments, "q," 

Prof.  Talbot  summarizes  the  general  phenomena  of  the  tests  as  fal- 
lows: 
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"Four  stages  of  flexure  are  noticeable  during  the  application  of  the 
loads.  Through*  the  first  stage,  as  the  load  is  applied,  the  action  of 
the  beam  and  the  changes  in  deformations  of  upper  and  lower  fibers 
are  similar  to  those  in  plain  concrete  beams,  modified,  of  course,  by 

Diagram  showing  Deformation  Deflection  and  Alteration  of  Neutral  Axis 
in  Reinforced  Concrete  Beams,  tested  at  the  University  of  Illinois. 
(q  is  the  distance  from  top  of  beam  to  center  of  steel.) 


Ooformotion      p«r     Unit    of     Length. 

Fio.  9/. — Beam  127;  Four  ^-in.  Plain  Square  Bars;  1.56%  Reinforcement; 
Maximum  Load,  26,900  lbs. 


the  metal  reinforcement;  and  the  resistance  of  the  tensile  stresses  of 
the  concrete  is  plainly  apparent.  When  a  load  of  about  4,000  lbs.  for 
4-10  per  cent  reinforcement  and  of  about  6,000  lbs.  for  1J/2  per  cent, 
reinforcement  is  reached  (equivalent  to  about  250  lbs.  per  square  inch 
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tension  in  the  extreme  fiber  of  the  concrete  for  its  share  of  the  ap- 
plied load,  and  350  lbs.  per  square  inch  when  the  weight  of  die  beam 
is  considered),  the  second  stage  begins.  The  steel  elongates  more 
rapidly  with  the  applied  loading,  there  is  a  similar  increase  in  the 

Diagram  showing  Deformation^  Deflection  atui  Alteration  of  Neutral  Axis 
in  Reinforced  Concrete  Beams,  tested  at  the  University  of  lUmois, 
(g  is  the  distance  from  top  of  beam  to  center  of  steel.) 
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Deformation       per      Unit      of       Lengtn, 

Fig.  9^.— Beam  128;  Six  f^-in.  Johnson  Bars;  1.52%  Reinforcement;  Maxi- 
mum Load,  34,300  ibs. 


compression  of  the  concrete,  the  neutral  axis  rises,  and  there  is  a 
marked  change  in  the  character  of  the  load-deformation  diagram. 
While  no  cracks  are  visible  to  the  naked  eye  at  this  second  stage,  it 
is  evident  that  much  of  the  tensional  value  of  the  concrete  has  been 
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to«t  This  stage  may  be  called  the  readjustment  stage.  During  the 
third  stage  the  increments  of  the  deformation  of  the  steel  are  closely 
proportional  to  the  increments  of  the  loading,  as  shown  by  the  straight 
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line  of  the  load-deformation  diagram,  and  the  compressive  deforma- 
tions generally  approximate  a  straight  line.  During  this  stage  verti- 
cal cracks  appear,  generally  quite  numerous  and  well  distributed  along 
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the  middle  third  of  the  length  of  the  beam,  and  grow  in  width;  but 
this  appearance  is  not  accompanied  by  any  change  in  the  character  of 
the  load-deformation  diagram.  This  stage  continues  until  a  point  at 
or  near  the  maximum  load  is  reached,  except  with  those  beams  hav- 
ing an  excess  of  reinforcement.  The  last,  or  stage  of  failure,  begins 
at  or  near  the  maximum  load.  The  beam  deflects  more  and  more,  the 
load  required  to  balance  the  scale  beam  becoming  less  and  less.  The 
steel  stretches  rapidly,  the  neutral  axis  changes  position,  and  there  is 
a  more  rapid  compression  of  the  upper  fiber  of  the  concrete,  until 
finally  the  concrete  crushes  out  at  the  top  of  the  beam  after  the  steel 
is  stretched  considerably  beyond   its  yield   point.    The  diagrams  of 

Diagram  showing  Deflection^  Deformation  and  Position  of  Neutral  Axis  in 

Beam   1 19. 
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OvfornHXtton     par     UnH*     of     bingth. 

Fig.  9/.— (Three  J/^-in.   Plain  Round  Bars;  0.41%  Reinforcement;  Maxi- 
mum Load,  9,200  lbs.) 


beams  114,  116,  117  and  119  show  deformations  beyond  the  maximum 
load.  The  exception  to  the  above  is  in  beams  having  more  than  one  per 
cent,  of  metal  of  55,000  lbs.  per  scjuare  inch  elastic  limit,  or  more  than 
i]/i  per  cent,  of  33,000  lbs.  elastic  limit.  In  such  beams,  the  concrete  at 
the  top  of  the  beam  fails  by  crushing  before  the  elastic  limit  of  the 
steel  is  reached.  In  all  the  other  beams  the  full  compressive  strength 
of  the  concrete  was  not  developed  at  the  maximum  load.  It  may  be 
noted  that  the  deflection  curve  does  not  change  its  character  until 
after  the  crook  of  the  deformation  diagram  is  well  begun,  and  until 
after  the  yield  point  of  the  metal  is  passed,  a  result  to  be  expected. 

"The  observed  deformations  show  that  for  beams  not  having  an 
excess  of  metal,  the  maximum  load  is  nearly  reached  when  the  steel 
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is  stressed  to  its  yield  point,  and  the  load  at  the  yield  point  of  the 
metal  may  properly  be  taken  as  the  ultimate  strength  of  the  beam. 
Actually,  the  maximum  load  is  somewhat  greater  than  this,  averag- 
ing about  6  per  cent,  more  for  all  the  beams,  and  in  one  case  reach- 
ing 15  per  cent,  more  than  the  load  at  the  yield  point  of  the  metal. 

"Several  interesting  characteristics  are  apparent  in  the  second  and 
third  stages.  In  the  steel  diagram  the  crook,  or  elbow,  of  the  second 
stage  and  the  reversal  of  curvature  just  after  are  characteristic.  The 
increased  elongation  of  the  steel  just  after  the  crook  seems  to  indicate 
that  the  concrete  has  broken  in  tension  through  a  part  of  the  depth  of 
the  beam,  and  that  a  part  of  the  weight  of  the  beam  which  had  been 
taken  by  the  tension  in  the  concrete  has  now  been  transferred,  to 
make  added  tension  in  the  steel.    A  line  parallel  to  the  load-deforma- 

Diagram  showing  Deformation^  Deflection  and  Positions  of  Neutral  Axis  in 
Plain  Concrete  Beam  iii,  tested  at  the  University  of  Illinois. 
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Fig.  9m. — (Maximum  Load,  2,600  lbs.) 


tion  line  above  the  elbow,  and  tangent  to  the  elbow,  lies  above  this 
line  a  distance  equal  to  the  amount  of  added  load  which  may  be  ex- 
pected from  the  beam.  It  is  quite  noticeable  that  during  the  third 
stage  the  load-deformation  diagram  is  a  straight  line  and  that  the  in- 
crement of  stress  in  the  steel,  and  hence  its  moment,  is  proportional 
to  the  increment  of  the  load,  though  the  stress  in  the  steel  is  not 
proportional  to  the  load.  In  fact,  as  may  be  seen  by  a  study  of  the 
results,  this  increment  in  the  resisting  moment  of  the  steel  about  the 
assumed  centroid  of  compressive  stresses  is  greater  than  the  incre- 
ment of  bending  moment  of  the  load ;  and,  in  general,  for  loads  less 
than  the  maximum,  this  resisting  moment  of  the  steel  is  considerably 
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less  than  the  bending  moment.  It  is  also  found  that  for  a  load  of 
10,000  lbs.  the  total  stress  in  the  steel  is  approximately  the  same  in 
all  the  beams  (about  24,000  lbs.),  although  there  is  a  difference  in 
area  of  the  steel  and  a  slight  difference  in  position  of  the  neutral 
axis  found  for  these  beams.  There  is  a  similar  uniformity  at  15,000 
lbs.  and  at  20,000  lbs.  load  for  beams  carrying  such  loads,  the  total 
stresses  in  the  steel  being  about  42,000  and  64,000  lbs.,  respectively. 
The  cause  of  the  rectilinear  form  of  the  load-deformation  diagram 
and  the  source  of  the  resisting  moment  to  make  the  deficit  is  yet  to 
be  investigated." 

Prof.  Talbot's  work  confirms  the  theory  that  a  plane  section  before 
bending  remains  a  plane  section  after  bending.  He  found  that  the 
neutral  axis  generally  rises  during  the  second,  or  readjustment  stage, 
remaining  in  one  position  during  the  third  stage  until  the  maximum 
load  is  reached.  He  found  the  neutral  axis  to  be  lower  than  that 
given  by  several  theories  which  have  been  proposed. 

Table  VII-c  shows  results  of  tests  on  30  reinforced  concrete  beams 
made  by  the  Chicago,  Milwaukee  &  St.  Paul  Railway  and  described 
by  Mr.  J.  J.  Harding  in  a  paper  presented  to  the  Western  Society  of 
Engineers,  October  25,  1905.  A  very  complete  description  of  these 
tests  was  also  published  in  the  Engineering  News  of  February,  1906. 
Figure  10  is  a  diagram  showing  the  construction,  dimensions  and  re- 
inforcement of  these  test  beams. 

The  amount  of  reinforcement  was  about  0.75  per  cent,  of  the  area 
of  the  concrete  above  the  center  of  the  steel.  The  concrete  was  a 
moderately  wet  mixture  made  of  one  part  of  Atlas  Portland  cement, 
two  parts  of  clean  sand  and  five  parts  of  crushed  limestone,  all  of  the 
crusher-run  under  two  inches  being  retained.  The  bottom  surface  up 
to  the  top  of  the  bars  was  made  of  i  to  2  mortar. 

Six-inch  cubes  made  from  the  same  batch  of  concrete  used  for 
beams  loB  and  loC  had  a  compressive  strength,  at  four  months  old, 
of  1,570  and  1,480  lbs.  per  square  inch,  respectively.  Cubes  made 
from  the  mortar  only,  representing  beams  lA,  loB  and  8C,  gave 
2,275,  ^»930  ^^^  i»720  lbs.  per  square  inch,  respectively,  at  an  age  of 
four  months. 

The  beams  were  tested  at  a  span  12  feet  between  the  supports  on 
a  2oo,ooo-lb.  Olsen  machine  in  the  railway  company's  shops  at  West 
Milwaukee.  The  loading  was  applied  through  rollers  at  points  four 
feet  apart  and  four  feet  from  each  support.  The  longitudinal  deforma- 
tions of  the  upper  and  lower  fibers  on  ten  of  the  beams  tested  were 
measured  with  an  extensometer  loaned  by  Prof.  F.  E.  Turncaure,  of 
the  University  of  Wisconsin. 

A  comparison  of  the  results  obtained  from  beams  i  A-B-C  with 
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those  of  2  A-B-C  indicate  that  bending  the  center  bar  up  diagonally 
in  the  latter  increased  the  ultimate  strength  57J4  per  cent.,  and  that 
the  variation  in  strength  was  greatly  reduced  by  this  diagonal  rein- 
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Fig.   10. — Diagram   Showing  Construction  of  Test  Beams. 

forcement.  Also  that  the  failure  of  beams  i  A-B-C  was  sudden, 
while  with  the  diagonal  reinforcement  the  failure  crack  developed 
slowly.  In  beams  3  A-B-C,  which  had  a  large  amount  of  diagonal 
reinforcement,  five  of  the  seven  half-inch  bars  being  bent  up  at  the 
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endSi  the  results  were  somewhat  disappointing,  and  have  been  ex- 
plained as  due,  in  one  case,  to  the  displacement  of  the  rods  in  the 
manufacture  of  the  beam,  and  in  other  cases  to  the  pulling  out  of  the 
diagonal  rods,  the  concrete  failing  around  the  end  of  the  shear  bars. 
These  beams  developed  an  average  strength  13}^  per  cent,  greater  in 
proportion  to  their  size  than  2  A-B-C,  probably  due  to  the  greater 
amount  of  diagonal  reinforcement  and  partly  to  the  higher  elastic 
limit  of  the  half-inch  bars.  The  character  of  failure  of  beams  3A  and 
3B  indicates  the  necessity  of  arranging  the  shear  bars  so  that  their 
ends  shall  be  carried  up  to  the  top  of  the  beams  and  as  far  back  over 
the  support  as  possible,  to  prevent  them  from  pulling  out. 

The  tests  of  beams  4  A-B-C  reinforced  with  Kahn  bars  show  very 
good  results  and  indicate  that  with  bars  of  high  elastic  limit  and  with 
longer  prongs,  this  form  of  reinforcement  would  meet  all  conditions. 

A  comparison  of  tests  of  beams  5  A-B-C  and  6  A-B-C,  reinforced 
with  corrugated  bars,  brings  out  the  same  facts  as  were  found  in  com- 
paring beams  i  A-B-C  and  2  A-B-C,  which  were  reinforced  with 
twisted  bars.  Beams  5  A-B-C  with  diagonal  reinforcement  gave  an 
average  ultimate  strength  463/i  per  cent,  greater  than  that  of  6  A-B-C 
without  diagonal  reinforcement.  The  maximum  variation  in  the  ulti- 
mate strength  of  beams  of  the  5-Series  was  12  per  cent,  and  in  the 
beams  of  the  6-Series  it  w^s  33  per  cent. 

Mr.  Harding  deduces  from  the  tests  of  beams  7  A-B-C  and  8  A-B-C 
which  were  reinforced  with  J^-inch  round  rods  and  failed  suddenly 
on  a  diagonal  line,  that  the  faihire  was  due,  in  at  least  one  case  and 
probably  in  other  cases,  to  the  slipping  of  the  rods,  although  they  were 
anchored  by  a  3-inch  bend  at  the  ends,  as  shown  in  Fig.  10,  indicating 
that  the  3- inch  bend  was  not  a  sufficient  anchorage  against  slipping  at 
the  ultimate  load. 

The  reinforcement  used  in  beams  9  A-B-C  and  10  A-B-C  consisted 
of  3  one-inch  corrugated  bars,  all  horizontal  in  the  former  and  with 
the  center  bar  turned  up  at  each  end  in  the  latter  series.  The  beams 
with  diagonal  reinforcement  gave  56  per  cent,  greater  ultimate 
strength  than  the  beams  without  diagonal  reinforcement.  The  maxi- 
mum variation  in  the  ultimate  strength  of  the  former  was  20  per  cent, 
as  against  60  per  cent,  in  the  latter.  The  diagonal  reinforcement  in 
the  lO-Series  was  not  sufficient  to  prevent  diagonal  failure,  although 
considerably  more  than  the  elastic  limit  of  the  steel  was  developed. 

The  deformation  curves  of  the  ten  beams,  for  which  the  longitudi- 
nal deformations  were  measured,  show  the  same  four  stages  of  flex- 
ure, so  clearly  brought  out  by  Prof.  Talbot's  experiments,  and  these 
curves  have  the  same  characteristics,  notwithstanding  the  very  con- 
siderable differences  in  the  cross-sections,  reinforcement  and  concrete 
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mixture.  These  two  series  of  experiments,  taken  together,  establish 
these  characteristic  deformation  curves  fairly  well,  as  shown  in  Figs. 
9a  to  9m,  inclusive. 

Another  valuable  series  of  tests  to  destruction  of  reinforced  con- 
crete beams  was  made  by  Prof.  Edgar  Marburg  and  described  by  him 
in  a  paper  presented  before  the  American  Society  for  Testing  Mate- 
rials, in  June,  1904,  and  published  in  the  Engineering  News  for  Sep- 
tember 8,  1904.  Prof.  Marburg  summarizes  the  results  of  these  tests 
as  follows: 

"Broadly  speaking,  final  failure  occurred  in  four  different  charac- 
teristic ways,  which  may  be  described  briefly  as  follows : 

"i.  By  a  diagonal  crack  starting  at  the  plane  of  the  rods  and  run- 
ning up  to  the  center  at  the  top  at  a  mean  angle  of  about  30°  with  the 
horizontal. 

"2.  By  a  vertical  crack,  starting  by  the  enlargement  of  a  hair-line 
crack  running  across  the  bottom  and  up  the  sides,  not  more  than  4 
ins.  from  the  center. 

"3.  By  a  sudden  diagonal  crack  from  the  center  at  the  top  to  the 
end  support  at  the  bottom. 

"4.  By  crushing  at  the  center  at  the  top  of  the  beam. 

"Failure  occurred  by  method  i  in  12  cases,  by  method  2  in  7  cases, 
by  method  3  in  2  cases,  and  by  method  4  in  4  cases. 

"In  cases  of  failure  by  method  i  the  diagonal  crack  developed  more 
or  less  suddenly.  In  some  cases  this  crack  extended  to  the  bottom  of 
the  beam  and  across  the  same.  More  commonly,  however,  it  continued 
from  the  point  where  it  reached  the  plane  of  the  upper  surface  of  the 
rods  along  this  plane.  In  the  case  of  failure  by  method  4,  there  were 
also  indications  of  failure  by  method  2,  but  the  vertical  cracks  near 
the  bottom  ceased  to  develop  after  crushing  began  at  the  top." 

Formulas  for  Flexure  in  Reinforced  Concrete  Beams. — While  it  is  the 
desire  and  aim  of  probably  all  those  who  are  taking  an  active  interest 
in  reinforced  concrete  to  come  to  an  agreement  on  one  theory  and  set 
of  formulas  for  flexure,  and  while  this  will  certainly  be  the  ultimate 
outcome  of  the  experiments  and  investigations  which  are  being  made 
from  time  to  time,  it  does  not  seem  to  the  writer  that  the  time  has  yet 
arrived  when  one  set  of  formulas  can  be.  inserted  in  a  book  and  given 
to  the  building  professions  and  trades  as  the  only  one  meriting  con- 
sideration. When  several  other  series  of  experiments  have  been  made, 
designed  and  executed  as  intelligently  and  carefully  as  those  of  Prof. 
Talbot  and  Mr.  Harding,  they  may  furnish  the  necessary  proof  for 
establishing  a  correct  theory  and  practical  formulas  for  flexure  in 
reinforced  concrete  beams. 

In  the  conditions  to  be  met  at  the  present  time  we  find  that  many 
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specifications  and  municipal  building  codes  require,  and  many  der 
signers  and  contractors  are  using,  straight-line  formulas  varying 
slightly  from  each  other.  On  the  other  hand,  the  experiments  made 
by  Prof.  Talbot  go  far  to  prove  that  the  straight-line  formula  is  not 
even  approximately  correct  for  stresses  near  the  ultimate  strength  of 
the  beam.  For  the  stresses  due  to  Usual  working  loads,  with  the  or- 
dinary factors  of  safety,  the  straight-line  formula  does  not  vary  much 
from  the  formulas 'based  on  the  theory  of  a  curved  stress-strain  dia* 
gram.  Again,  many  of  the  straight-line  formulas  give  the  safe  work- 
ing loads  at  some  factor  of  the  ultimate  strength,  and,  while  in  the 
light  of  recent  experiments,  this  does  not  seem  to  be  correct,  the  re- 
sults obtained  are  fair  approximations. 

For  these  reasons  the  following  formulas  are  presented  in  the  order 
here  given: 

1st.  Theoretical  straight-line  formulas,  equations  (i)  to  (20). 

2d.  Straight-line  formulas  in  practical  use,  equations  (21)  to  (54)^ 

3d.  Prof.  Talbot's  parabolic  formulas,  equations  (55)  to  (68). 

4th.  Prof.  Hatt*s  parabolic  formulas,  equations  (69)  to  (75). 

Hatt's  formulas  have  been  adopted  by  the  American  Railway  En- 
gineering and  Maintenance  of  Way  Association. 

5th.  Goldmark's  formulas,  equations  (76)  to  (79). 

Goldmark's  formulas  are  approximations  obtained  by  modifications 
of  the  parabolic  formulas  with  certain  assumptions  for  the  purpose 
of  simplicity. 

The  writer  hopes  that  this  explanation  will  avoid  confusion  in  the 
use  and  application  of  these  several  formulas,  and,  while  it  leaves 
much  to  be  desired  by  those  who  will  use  the  book,  especially  in  sim- 
plicity, it  is  the  best  presentation  he  has  been  able  to  give  at  the  pres- 
ent time  out  of  the  multiplicity  of  formulas  that  have  been  published 
by  competent  authorities. 

The  notation  to  be  used  throughout  this  chapter  will  be  as  follows : 

/  =  length  of  beam  in  inches,  center  to  center  of  supports. 

k  ■=  depth  of  beam  in  inches,  out  to  out  of  concrete. 

b  « breadth  of  beam  in    inches. 

A  ■■  total  area  of  cross-section  of  beam  =  W>. 

Ag  =  area  of  steel  reinforcement  in  tension. 

^^'=1    **      '•      •*  "  *•  compression. 

Ac  «-A— (/l,-f  i4,')  =area  of  concrete. 

a  «=area  of  steel  in  tension  per  unit  of  widths  A g-i-b. 

a'  =  area  of  steel  in  compression  per  unit  of  width  =  i4,'-^6. 

X  =s  distance  from  neutral  axis  to  outer  compression  fiber  of  concrete. 

y  «="        **  *'  '*         "      "      "     tension  fiber  of  concrete. 

!•«-**  "  "         "      **      "     compression  fiber  of  steel. 

«  -        "  "  "         "      "      **     tension  fiber  of  steel. 
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/      =  distance  from  neutral  axis  to  center  of  steel  sections  in  compres'n. 

v      =        *•  ••  • * tension. 

W   « total  load  on  beam,  exclusive  of  weight  of  beam. 

w     «load  per  lineal  foot  of  beam  exclusive  of  weight  of  beam. 

w'   =»  weight  of  beam  per  lineal  foot. 

M   *"  maximum  bending  moment  in  inch-pounds. 

z  +  d-'y,  u-\-d'='X,  h'  +  d-hd'^x  +  y-h. 

9  =  A— d J «  effective  depth  of  beam. 

M^  — moment  of  resistance. 

p ««  7-^  =  ratio  of  area  of  steel  to  area  of  concrete  above  center  of  steel, 
bq 

steel  in  tension  side  only. 
/      —  moment  of  inertia  of  reinforced  beam  about  its  neutral  axis  —  /^  +  Z^* 
7,    -=        '*         "       **       "  steel  about  neutral  axis  of  beam. 
/^    «        **         **     .  **       *'  concrete  about  neutral  axis  of  beam. 
Es  =*  modulus  of  elasticity  of  the  steel. 
Ec  —        **         '*  **         '*     **    concrete. 

e      ^Eg-i-Ect  (now  generally  taken  at  15). 
fs     —  maximum  intensity  of  tensile  stress  in  the  steel. 
f  s  ^         "  *'  "  compressive  stress  in  the  steel. 

fc     '^         "  **  **  tensile  stress  in  the  concrete, 

/c'   =         '*  "         *'  compressive  stress  in  the  concrete. 

NX  =  neutral  axis. 
Lj  —load  sustained  by  concrete. 

Lc   - *  steel. 

5      =-  proportion  of  load  sustained  by  steel, 
c      =-  **  **     "  '*  *•    concrete. 

Fig.  1 1  is  the  cross-section  of  a  beam  showing  the  dimensions  accord- 
ing to  the  notation  given  above.     The  steel  reinforcement  may  con- 


m 


-h M 


'.*}.*t,'.f*/**yj. 


ill 


ill 


Fig.  II. — Cross-section  of  Beam  Illustrating  Standard  Notation. 

sist  of  one  or  any  number  of  bars  of  any  cross-section  and  on  both  sides 
of  the  neutral  axis  or  only  on  the  tensile  side. 

For  a  beam  supported  at  both  ends  and  loaded  at  the 
center  with  a  load,  W Af  =  lV/-5-4 
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For  a  beam  supported  at  both  ends  and  uniformly 
loaded M^Wl-^-S 

For  a  beam  fixed  at  one  end  and  loaded  at  the  other  with 
a  load.  W M^Wl 

For  a  beam  fixed  at  one  end,  unsupported  at  the  other, 
and  uniformly  loaded M^Wl-i-2 

For  a  beam  fixed  at  one  end  and  supported  at  the  other 
and  uniformly  loaded Af  —  Wl-^S 

For  a  beam  fixed  at  one  end  and  supported  at  the  other 
and  loaded  at  the  center M  ■-  3  WZ  h-  16 

For  a  beam  fixed  at  both  ends  and  loaded  uniformly Af  —  IfV-M  2 

For  a  beam  fixed  at  both  ends  and  loaded  at  the  center. .  Af  —  Wl-i-S 

For  a  beam  supported  at  both  ends  and  loaded  with  a 
single  load,  W,  distant  tn  inches  from  one  end  and  n  inches 
from  the  other  end / A/—  Wmn  -hi 

Any  two  loads,  W^  and  W^,  m  inches  apart,  center  to  center,  W ^ 
being  equal  to  or  greater  than  W^,  will  produce  the  maximum  bending 
moment  when  the  distance  from  W^  to  the  nearest  support  is 

.     ^        l-m  W.m 

nmches" ,  and  the  reaction  at  the  opposite  support 

a        ^{W^  +  W^) 

will   be   R^[W^,n  +  W\{m-\-n)]-i-l,   and   the   maximtun   moment   Af  — 
R[lr-{m-\-n)]. 

Straight  Line  Formulas. — If  the  concrete  on  the  tensile  side  assists, 
which  it  will  do  if  the  loads  are  small,  from  the  common  theory  of 
flexure  we  obtain: 

\    2  ) 

«=-A-^; (a) 

z-y-d;        (3) 

U'x-d'; (4) 

t;  —  y—<ii,  where  dj  —  d 4- radius  of  the  steel;  ($) 

<«-«--d,',  where  {i J '  —  d'  + radius  of  the  steel;  (6) 

Ig^AsV^  +  Ag't^  +  {the  moment  of  inertia  of  the  steel  bars  about 
their  individual  neutral  axes,  which  may  be 
neglected  for  small  rods  without  appreciable 

error); (7) 


''-4ii^(l-*)1-(^^'^-^^'''' 


'') (8) 

The  distribution  of  the  load  between  the  concrete  and  the  steel  will  be 

c= and  5  = ; (10) 

i+g  i+g 
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fs'(Mzs)^Is.     M     J^  ^nd'^^ll;    ....    (II) 

Z    S  Is  ^ 

I   f  '  sM     I 

f/^iMus)-^Is.  M   — ^    and  — — ^;       .    .     .     .(12) 
us  f/     ^ 

T  f  cM     T 

U^{Myc)-^Ic.    M-     ^Z£.and— — ^;    ....      (13) 

y  c         fc     y 

f/^(Mxc)^I,^    Af  =  ^'and^  =  ^       ....     (14) 

XC  fc  X 

I^  fc^o,  that  is  if  the  tensile  resistance  of  the  concrete  is  neglected, 
we  have: 

(g-iM/-fM,  .      \[{e-i)A/  +  eAs?  .  2[(g-i)  ^/(Ji^4-e.4,  (/i^  +  ^Q] 

^ b  +>| 6^ -^ ^ 6 

(15) 

Ic^ ,  nearly  if  i4^  and  i4  5 'are  small  (16) 

3 

Is^AsV^.+A/t^,  nearly (17) 

If  As'^o,  that  is  if  the  steel  reinforcement  is  on  the  tension  side  of 
the  neutral  axis  only, 

^--j^,+  ^^'+y  A,(A-  +  d/)     .     .     .     (18) 

bx^ 

Ic  ^  — ,  nearly,  if  i4,  is  small (19) 

3 

Is^^Agt^^,  nearly (ao) 

The  formulas  given  above  cover  most  cases  met  in  practice  and 
can  be  readily  applied.  They  are  all  extremely  simple,  except  per- 
haps (15)  and  (18),  and  even  these  are  very  easily  and  quickly 
solved  by  ordinary  arithmetic,  when  the  values  required  for  any  par- 
ticular case  are  substituted  for  the  symbols. 

Examples  of  Application. — What  is  the  safe  bending  moment  for 
a  reinforced  concrete  beam  16  ins.  deep  and  4  ins.  wide,  having  one 
steel  rod  J>i  in.  diameter  on  the  tensile  side  only,  so  placed  that  the 
center  of  the  rod  is  ij^  ins.  above  the  bottom  of  the  concrete,  con- 
crete to  be  made  of  i  to  2  matrix  and  at  six  months  old  to  have  a 
safety  factor  of  5? 

First  Case. — Concrete  to  resist  part  of  the  tensile  stresses  without 
exceeding  allowable  fiber  stress.  From  Table  VI  of  the  previous  chapter 
/^=sii2,  fc'^  TOO,  £^=3,600,000,  and  £,=«  29,000,000. 

From  equation  (i). 
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4X256      ^  ^  518. 3S4 

y- -4- (0.6X1.5)7.06-^(64 +  4. 236)-=       -'     =- 7.6  ins.  nearly. 

2  68 . 236 

From  equations  (5),  (7),  and  (8), 

>  .    ,      4X16* 

/,  — 0.6X6.1*  — 22.326  and  /^  — 22.326 «- 1,343.007. 

12 

From  equation  (9), 

1.343007 

and  from  equation  (10), 

c  — 0.882  and  5  — 0.1 18. 
From  equation  (13), 

1.343007X112 

ill  — ""22,430.5  m.-lbs. 

0.882X7.6  ^^^^ 

Second  Case. — Resistance  of  the  concrete  to  tensile  stresses  neglected. 
From  Table  VI  of  the  previous  chapter,  /c'"7oo,  H^  — 3,600,000,  and 
£5  ■"29,000,000. 

Then  from  equation  (18)  we  have 


8.06  164. 80X0. 36     16.11 

Jf- Xo.6  4--V--^— ^^ ^  + 0.6X14-5; 

4.0  ^16  4 

X-  — 1.209 +  \/i.  46 +  35. 04 -4. 833. 

From  equation  (19)  we  get 

,      4  X  1 1 2 .  89 

Ic -X5o-Sa» 

3 

and  from  equation  20, 

-^5="93-45Xo.6-56.07. 

150.5^  ^"^-^5 

1:- -=0.333  5  =  0.75. 

451.9242 

150. S2  X  700 

M  = ^ =-87,20^.8  inch-pounds. 

4.833X0.25       ^'     ^  ^ 

A  comparison  of  Case  2  with  Case  i  shows  that  for  the  conditions 
assumed  there  is  a  great  economy  in  neglecting  the  concrete  on  the 
tensile  side,  and  if  the  beams  are  designed  so  that  the  assumed  loads 
will  not  cause  tensile  stresses  in  the  concrete  greater  than  the  value 
of  f,  given  in  Table  VI,  nearly  four  times  as  much  material  will  be 
required  with  beams  of  the  same  depth  that  is  required  if  the  concrete 
is  not  considered  to  resist  tensile  stresses. 

When  the  fiber  stresses  produced  by  specified  loads  are  required 
instead  of  the  bending  moments  that  the  beams  will  safely  carry,  the 
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first  part  of  equations  ii  to  14  should  be  used,  instead  of  the  second 
part,  as  was  done  in  the  above  examples.  In  other  respects  the 
operation  is  identical. 

When  the  ultimate  strength  of  concrete-steel  beams  is  required, 
the  formulas  used  in  the  second  case  of  the  example  g^ven  above  could 
be  used  if  the  modulus  of  elasticity  of  concrete  for  stresses  near  the 
breaking  load  were  known. 

The  average  compressive  strength  of  1:2:4  concrete  six  months 
old  is  given  by  Table  I  of  Chapter  I  at  3,904  lbs.  per  square  inch,  but 
the  values  of  the  modulus  of  elasticity  for  loads  over  2,000  lbs.  per 
square  inch  have  not  as  yet  been  satisfactorily  determined,  and  with- 
out them  the  ultimate  strength  of  a  concrete-steel  beam  made  with 
1:2:4  concrete  six  months  old  cannot  be  correctly  and  rationally  calr 
culated.  A  number  of  formulas  have  been  published  for  this  case, 
and  they  have  been  compared  with  the  few  available  tests  to  destruc- 
tion of  concrete-steel  beams  to  the  satisfaction  of  their  authors,  but 
until  they  are  established  by  a  long  series  of  experiments,  and  until 
all  the  properties  of  concrete  are  better  understood,  it  can  hardly  be 
recommended  as  good  practice  to  rely  on  them  exclusively  in  design- 
ing important  structures.  For  these  reasons  the  more  rational  method 
to  pursue  in  designing  concrete-steel  beams  would  seem  to  be  that 
of  calculating  the  safe  load  from  safe  working  stresses,  as  has  been 
done  in  the  example  given  above.  The  necessary  experimental  data 
for  this  are  at  hand.  When  the  properties  of  concrete,  and  particu- 
larly its  modulus  of  elasticity,  have  been  more  completely  determined, 
tke  proper  values  may  be  inserted  in  the  equations  (i),  (15)  and 
(18),  and  the  ultimate  strength  then  be  calculated  precisely  as  was 
done  in  our  example  for  the  safe  load. 

Thacher's  Straight- Line  Formulas. — As  many  reinforced  concrete  de- 
signers are  using  formulas  based  on  ultimate  safe  loads,  those  devel- 
oped and  published  by  Mr.  Edwin  Thacher  will  be  given  here,  because 
they  agree  more  closely  with  experiments  than  any  others  and  are 
practical  and  not  difficult  to  apply. 

Table  VIII,  given  by  Mr.  Thacher,  shows  the  comparisons  between 
the  breaking  loads  by  his  formulas  and  the  actual  results  of  thirty 
tests  to  destruction.  It  should  be  noted  that  the  Kirkaldy  tests  were 
made  in  1876,  at  which  date  Portland  cements  were  quite  different 
from  those  now  manufactured.  Since  Mr.  Thacher  used  a  value  for 
^=-£*,H-£'g=20  in  all  cases,  it  is  evident  that  he  assumed  the  modulus 
of  elasticity  to  be  the  same  for  concrete  made  of  Portland  cement  in 
1876  as  at  the  present  time.  This  may  or  may  not  be  true,  but  it  is 
certain  that  the  averacfc  ultimate  strength  of  Portland  cements  has 
been  increased  considerably  during  the  past  25  years. 
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Table  VIII. — Showing  Breaking  Loads  of  Beams  as  Determined 
BY  Thacher's  Formulas  and  by  Actual  Tests. 


Number 

of 
Tests. 

Size  of  Beam  Tested. 

Variation  between  Actual 
and  Estimated    Strength. 

Scries. 

Length. 
Feet. 

Depth 

from  1  op 

to  Center 

of  Rod, 

Inches. 

Width. 
Inches. 

Maximum. 
Per  cent. 

Mean. 
Percent. 

.4 
B 
C 
D 
E 

3 
3 
9 
7 
8 

"•5 

6.0 
II. o 

6.67 

10. 0 

3-25 
10. 0 
ICO 

6  and  7 

5-0 

10. 0 

12.0 

8.0 

8.0 

1-3 

3-9 

14.0 

131 
16.0 

0.0 
+  0.6 
— 1.2 
—1.4 
+  2-3 

Mean  from  to  test 

s 

— 0.013 

.^      -     - 

Note. — Series  A  and  B,  made  at  Zanesville,  Ohio,  by  Onward  Bates  and 
Edwin  Thacher.  Series  C,  made  at  London,  England,  by  Prof.  David 
Kirkaldy.  Series  I),  made  at  Massachusetts  Institute  of  Technology. 
Series  E,  made  at  Purdue  University  by  Prof.  W.  K.  Hatt. 

Notwithstanding  the  arbitrary  assumptions  used  in  the  compari- 
sons between  the  formulas  and  actual  results  of  tests,  Table  VIII 
shows  that  the  agreement  is  remarkably  close,  and  for  all  ordinary 
cases  Mr.  Thacher's  formulas  can  be  relied  upon  to  give  safe  results. 
The  safety  factor  to  be  used  with  them  will  depend  upon  the  condi- 
tions of  loading  and  the  judgment  of  the  designer.  The  notation  used 
is  the  same  as  before,  except  as  follows: 

S  —moment  of  resistance  in  foot-pounds. 

M  —  bending  moment  in  foot-pounds. 

/    —length  of  beam  in  feet. 

IV  — load  at  center,  including  weight  of  beam  for  beam  i  in.  wide. 

w  —uniform  load  per  lineal  foot,  including  weight  of  beam  per  i  in.  width 

of  beam, 
u;'— 1 2Ti;  =  uniform  load  per  square  foot. 

First  Case. — Rectangular  beams,  steel  in  tension  side  only  and  con- 
crete to  take  no  stress  in  tension. 

In  order  that  a  section  before  bending  shall  be  a  plane  after  bending 
which  is  an  assumption  of  the  common  theoiy  of  flexure,  we  have 


X  i-:^  ::v  :  ^\  therefore  x  =  j—ev, 
Ec  Es  ts 


or 


q  =  x-^v=0/cv-i-fs)+v. 


(21) 


(aa) 
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theretore  x  / 

Is 

and  x^q—v (24) 

As  the  total  compression  must  be  equal  to  the  total  tension,  we  have 

Tc    ^  £  IS  f         \ 

«o/„  or  x^2a— (25) 

^  fc 

Substituting  the  value  of  f/  found  in  equation  (22),  in  equation  (25) 
we  have 

(fs-^^)  {p?^v)^2afsy  or  V'=^-^2ea. 

Substituting  value  of  x  from  equation  (25), 


Therefore 

0-9-^^  I  --r  -  i-l  J (25) 

q^x-^v^x+ip^-i-  2ae) 
or  0^  +  2aex  =»  2aeq, 

X'^y/ 2aeq-\-{^ea)^—€a (27 

For  the  concrete  x  ,^ 

S^~ — 

For  the  steel  5^^. 

12 

therefore  ji^^/£:f!_^/£!:i, 

36         12 
Substituting  for  /^'  its  value  from  equation  (22),  we  have 


T6E  +  3''''] 


For  a  beam  supported  at  both  ends  and  loaded  at  the  center, 

W.f; 
therefore  f    /««  \ 
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For  a  beam  supported  at  both  ends  and  uniformly  loaded 
8Af 


—  - ^. 


therefore 


"'-7i?(«'''''*') ^**^ 


To  design  a  beam,  values  must  be  assigned  to  /^  /^',  J5„  Eg,  K  d^, 
q,  and  /.  The  length  /  will  generally  be  fixed  by  the  conditions  of  the 
problem,  and  the  depth  A,  if  not  limited  by  such  conditions,  may  be 
selected  by  trial  to  give  the  most  economical  design.  The  dimension 
dj  will  depend  to  some  extent  on  the  size  and  shape  of  the  steel  reinforce- 
ment, but  should  be  large  enough  to  leave  from  one  to  two  inches  of 
concrete  outside  of  the  steel,  and  had  better  be  not  less  than  the  largest 
dimension  of  the  aggregate  plus  the  radius  of  the  steel. 

Values  for  Es  and  Ec  are  given  in  Table  VI.  Mr.  Thacher  uses  a 
value  cEg-^Ec  of  ao.  A  comparison  of  Tables  I  and  V  seems  to 
indicate  that  this  is  rather  high  for  concrete  six  months  old,  but  on 
the  other  hand  Table  VIII  shows  that  it  can  be  used  with  safety,  for 
computing  the  ultimate  strength.  The  proper  values  tp  use  for 
/,  and  f/  for  any  given  conditions  must  be  determined  largely  by  the 
judgment  of  the  designer.  Those  given  in  the  foregoing  chapter  are 
safe  for  all  ordinary  conditions  except  where  the  live  load  is  accompanied 
by  considerable  impact,  in  which  case  a  higher  safety  factor  may  be 
adopted. 

Equation  (23)  gives 

y-e+ij     and  «-^— v, 
Then  from  equation  (26), 


— [fc  ^(/^^  r] 


The  distance  center  to  center  of  rods  will  be  the  area  of  each  rod 
divided  by  a. 

M  and  W  otw  may  be  found  directly  from  equations  (28)  (29),  and  (30). 

To  review  a  beam,  find  or  assume  the  proper  values  for  /,,  £,,  £^, 
h,  rfj,  q,  and  /  as  before.  Equation  (27)  gives  the  value  of  «,  and  equa- 
tions (28)  and  (29)  or  (30)  will  then  give  A/  and  W  or  te;  as  required. 
Then  if  the  value  of  f/  found  from  equation  (22),  exceeds  the  probable 
ultimate  strength  of  the  concrete  in  compression  see  (Table  I),  the 
values  of  A/  and  W  or  w  found  by  equations  (28)  and  (29)  or  (30)  should 
be  reduced  in  the  ratio  that  the  probable  ultimate  compressive  strength 
of  the  concrete  bears  to  f^'  as  found  by  equation  (22). 

Second  Case. — Steel  in  both  tension  and  compression  sides;  concrete 
to  take  no  stress  in  tension. 
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By  the  common  theory  of  flexure  we  nave  the  proportion 


Eg  Eg  Eg 


from  which 


X  ^j^ejo  a:nd'f/^(fs.xy^ie.v)  and  fs'^tfc'e^x. 

IS 

Substituting  the  vahie  of  f/  above  in  the  last  equation  we  have 

fs'-tfs^v (30 

q  —  x  +  v^ev- — hv, 
ts 

or  v^q-^\€j-'  +  i\    and  x^^q—v, 

^  ts        ' 

As  the  total  tension  must  equal  the  total  compression, 

a  fc 

Let  n«a'-f-o  and  a'^^na,  and  substituting  the  value  of  /,'  from 
equation  (31),  we  have 

a-/tf'w-5-2/,(^^-n<) (33) 

Substituting  the  value  of  f/  and  writing  for  q  its  value  x  +  v  vio  have 

q^{o^'^2ae)+fU  +  x\  * 

therefore  ♦ 

^-^y/oiaeiq  +  nd^')  +[ae{n-{-  i)f-\ae{n+ 1)].       .     .     .     (34) 

For  the  concrete,  S — /^  '«*  -5-  3  6. 

For  the  steel  in  compression,  5 = / ^  'a '/  -^  1 2  «  /,  'nat  +  12. 

"      • •  tension,  5«/,av-M2; 

therefore 

^- (//^■*-36)  +  (/f'w^^-*- 12)  +  (/^ov-s- 13). 

Substituting  the  value  of  fs'  from  equation  (31),  and  of  f/^fs^-^^f 
we  have 

M^(fs'i'36)[{x^jrev)  +  (s^^^-^v)+3<^l       •     :.'     •     ^^^^ 
For  a  beam  supported  at  both  ends  and  loaded  at  the  center,  W  «■  4  Af  -r  I ; 
therefore 

W^(fs-hg.O[(x*^ev)  +  isncU^^v)+sav] (36) 

,   ,  8M 

For  a  beam  supported  at  both  ends  and  uniformly  loaded,  v;=—^; 

therefore 

w^(fs'^4'Sh[{^^ev)  +  (3nat^-i'V)-h3(n] (37) 
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To  Design  a  Beam. — Find  or  assign  values  for  /,.  f/,  £,.  E^,  h,  rf,,  q, 

and  /  as  in  the  first  case.     Equation  (23)  gives  v^q-i-iej-  +  i  )    and 

ft 
jc  — ^— v. 

Equation  (33)  gives  a-/c'v*-*-[2/,(v-»i/)]. 

Equation  (31)  gives  fs'^fs^  +  v.  Equations  (35),  (36).  and  (37)  give 
the  values  of  M  and  IV  or  u;  as  required. 

To  Review  a  Beam. — ^Pind  or  assign  values  for  /^,  Eg,  Eg,  h,  d^,  q,  and  / 
as  before. 

Then  from  equation  (34)  we  find   « 


*- \/2a^(^  + fid/) +[a^(n+ I )f-{a^(n  + 1 )]  andv-^-*. 

a  — total  area  of  bars  in  tension  side  divided  by  the  width  of  the  beam 
in  inches  and  a'^na. 

Equation  (31)  givee  fs'^tfs  +  v,  and  equation  (22)  gives /^'  —  (/^)  •*-«;. 
If  this  value  of  f/  exceeds  the  probable  ultimate  resistance  of  the  con- 
crete to  compression,  the  values  of  M  and  W  or  w,  found  by  equations 
(35)*  (36)*  ^"<1  (37)>  should  be  reduced  in  the  ratio  that  the  probable 
compressive  strength  of  the  concrete  bears  to  the  value  found  by  equa- 
tion (22). 

Third  Case. — A  solution  for  a  reinforced  concrete  T  section,  com- 
posed of  a  floor  slab  and  joist,  following  Mr.  Thacher's  analysis,  is  given 
in  the  Third  Case,  as  follows: 

The  slab  is  first  designed  as  a  beam  with  a  span  equal  to  the  distance 
center  to  center  of  joists  and  with  the  reinforcing  bars  of  the  slab  at 
right  angles  to  the  direction  of  the  length  of  the  joists.  The  spacing 
of  the  joists  should  be  such  as  to  give  the  greatest  economy  for  the 
entire  floor  system  when  not  limited  by  special  conditions. 

To  insure  that  the  concrete  in  the  slab  will  act  as  a  part  of  the  joist, 
and  not  shear  on  the  line  of  the  lower  surface  of  the  slab  extended  through 
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Fig.  12. — Cross-section  of  T-shaped  Beam  Illustrating  Standard  Notation. 
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or  across  the  joist,  it  should  be  placed  at  the  same  time  as  the  concrete 
of  the  joist  is  placed  and  monolithic  with  it,  or  else  steel  bars  should 
be  so  disposed  as  to  connect  the  slab  and  the  part  of  the  joist  below 
the  slab  to  resist  the  longitudinal  shear.  The  notation  is  the  same 
as  given  for  the  First  Case,  except  as  follows,  referring  to  Fig.  12. 
b'  ■=  width  of  slab « center  to  center  of  joists,  in  inches, 
r      —thickness  of  slab,  in  inches. 

il,'— in  this  case  the  area  of  steel  which  would  offer  the  same  resist- 
ance to  shortening  as  do  the  wings  of  the  T,  no  steel  being  actu- 
ally used  in  the  compression  side. 
dj'  is  taken  by  Mr.  Thacher  at  one-half  of  r,  the  thickness  of  the  slab, 
and  the  resulting  formulas  are  approximately  correct  only  when  r  is 
small  compared  with  x. 

To  Design  a  Beam,  Ends  Supported. — Having  determined  6',  r,  and 
d^'  as  indicated  above,  assign  values  to  fs,  fcf  Eg,  Ecj  K  and  d^,  as  in 
the  previous  cases,  noting  that  As'-i-As  —  n,  h-d^^q,  and  A^-^b^a, 
Then  A/'^(y-b)r  +  e;  v^q-i-[e(f/-i-fs)  +  il 

X      ^q^\  fs'^tfs^v (38) 

As^ifc'hx+2As'fs')^2fs (39) 

M^^jiifc'bx^^-f.'A.'t^f^sv)'     .     .     .        (40) 
W^k,l{\fc'b^+f/A/t-\-fsA,v),         .     .     .     (41) 

w'^ibmf/bx^-^fs'A/t+f^sV)'     '     .     .     (42) 
^4,  can  be  reduced  until  M  and  W'  or  2£;'  have  the  required  values. 
To  Review  a  Beam,  Ends  Supported,  assign  values  to  /,,  Egt  and  Ec 
as  before. 

Then  i4,'«(6'— 6)r-^^;  i4ja»area  of  the  steel. 

x^\/2ae{q-\-nd^')+[ae{n+i)]^-iae{n+i)].      .     .     .     (43) 

v-<?-^;     fs'^^^fs-^^'*     fc'^fs^-^^ (44) 

Christophe's  Formulas. — M.  Christophe  gives  the  following  formulas 
for  beams  of  T  section: 

Case  I. — If  the  neutral  axis  is  above  the  lower  side  of  the  slab, 


flp—  — 


{x^b'^2)+eiA/tr^AsV)^o (46) 

f/^Mx-^I (47) 

I^'i^b'  +  eiAs't^  +  Asv') (48) 

fs'^fc't^-^X'^^^V'^^ (49) 

fs'-'f/et^x^eMt-i-I (50) 

x+v^k—d^^q (51) 

t^^^,' (Sa) 
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Case  II. — If  the  neutral  axis  is  level  with  the  lower  side  of  the  slab. 
X  — r  in  the  preceding  formulas. 

Case  III. — If  the  neutral  axis  is  below  the  lower  side  of  the  slab,  for- 
mulas (46)  and  (48)  become 

(^^y-^2)-i(x^yiy-b)-\-eiA/t'-AsV)~o;      .     .     .     (53) 

I^ix^y-i(x-ry(y^)-^e(As't^-^Asr^) (54) 

Thacher's  Constants. — The  constants  in  Table  IX  have  been  calcu- 
lated by  Mr.  Thacher,  using  the  following  values  for  the  constants  in 
his  formulas: 
E.- 

/j,  ultimate, 
Ecf  for  1 .2 :4  concrete  one  month  old, 

//         (I  •(  ti  It  «t  14 

c 

**        six  months   ** 


/. 

£c.  "  I  -3  -6 

fc 

Ec.  "    " 

fc 


one  month     ** 

4*  It  II 

six  months     *' 


30,000,000 
64,000 
1,460,000 
2,400 
2,580,000 
3.700 

1,230,000 
2,050 

z, 860,000 

3.100 


Table  IX. — Giving  Constants  for  Beams  Calculated  by  Mr. 

Edwin  Thachbr. 


Proportions  of  Concrete. 

I  to  a  to  4« 

X  to  3  to  6. 

Age  of  Concrete. 

x  Month. 

6  Months. 

X  Month. 

6  Months. 

Area  of  steel,  sq.  ins.  required  for  x  in. 
width  of  beam^a 

Q 
14a 

100 

1 65 

Q 

109 

Ultimate  bending  moment,  ft.-lbs.  for  x  in. 
width  of  beam-  M 

35.62  <7a 

Si.2.'«<7* 

.10. 6a  <7* 

46. as  <7* 

Breaking  weight  at  center  for  x  in.  width 
of  beam-  »V 

>42  S<7* 

ao5  .0  <7* 

xaa.s<7» 

185  .0  q* 

I 

Breaking:  weight  per  lineal  foot  imiformly 
distributed  for  i  in.  width  of  beam^u;. . 

285.0  .7^ 

410  .0  <^* 

24s  o<7* 

370.o<j» 
I' 

Breaking  weight  per  square  foot  uniformly 
distributed  —  u/' 

3.420.0  (/» 

4.920.0  q" 

a. 940.0  <7* 
/a 

4.440.0  fl> 

--  p 

Effective  depth  of  beam  required  for  a  uni- 
form load  of  w'  lbs.  per  sq.  ft.  -r/ 

3.430 

4.920 

a.  940 

y/Pu' 
4.440 

To  apply  Table  IX,  divide  the  constants  given  therein  by  the  safety 
factor  required. 

In  order  that  the  steel  reinforcement  shall  be  sufficient  to  develop 
the  full  value  of  the  concrete  when  at  an  age  of  six  months  it  has 
gained  nearly  its  full  strength,  it  is  preferable  to  design  reinforced 
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concrete  beams  for  their  strength  at  six  months  with  such  a  safety 
factor  that  they  will  still  have  a  sufficient  margin  of  safety  at  an  age 
of  one  month.  This  only  applies  to  beams  designed  under  the  as- 
sumption that  the  concrete  takes  no  stress  in  tension.  If  they  are 
designed  according  to  the  formulas  i  to  14,  inclusive,  the  safety  fac- 
tor based  on  the  ultimate  strength  will  be  nearly  four  times  as  great 
as  that  used  for  the  concrete  in  tension,  and  will  be  ample  to  provide 
for  loadings  at  one  month  old,  or  even  less,  when  designed  for  the 
strength  at  six  months  old.  In  other  words,  if  the  tensile  stress  in 
the  concrete,  due  to  the  working  load,  is  one-half  its  ultimate  tensile 
strength  (factor  of  2),  the  assumed  working  load  will  be  little  over 
one-eighth  of  the  breaking  load  of  the  beam  (factor  of  8),  and  this 
is  about  what  the  writer  believes  should  be  used  for  very  important 
and  exposed  works. 

The  safety  factor  to  be  used  when  the  resistance  of  the  concrete 
in  tension  is  considered  may,  therefore,  be  taken  with  safety  much 
lower  than  when  the  tensile  resistance  of  the  concrete  is  neglected. 
If  this  is  done,  the  economy  noted  in  the  remarks  following  the  exam- 
ple illustrating  the  use  of  formula  18,  concrete  in  tension  neglected, 
would  be  reduced. 

The  following  examples  will  show  how  Table  IX  and  the  preceding 
formulas  may  be  applied  to  practical  cases : 

Example  i. — To  find  depth  of  slab  6  ft.  in  length  between  sup- 
ports that  will  sustain  a  uniform  load  of  480  lbs.  per  square  foot,  in- 
cluding its  own  weight,  with  a  factor  of  safety  of  5  in  six  months, 
using  1-2-4  concrete. 


llht/  f  6.0^X480 

'"  \    984"    \       984 


=  4.19  in.;  /f  =  4.i9  +  o.8i  =  5.0  in. 


4.19  . 282 

a  = =  0.0419.     For  rods  {"  diam.,  dist.  c.toc.  = =6.7'  , 

100  0.0419 

Example  2. — ^To  find  safe  load  per  square  foot  on  slab  having  a  clear 
length  of  12  ft.  and  a  depth  of  10  ins.  from  top  of  slab  to  center  of  rods 
using  1-3-6  concrete  with  a  factor  of  safety  of  4  in  six  months. 

i.ioig*   i,iiiXio'       ,       10. o 

«;'  = = —  =770  lbs.  a= =0.092. 

r        12^  109 

.714 

For  I  in  rods —  7«75  ii^s.  center  to  center. 

.092 

Example  3. — To  find  width  of  joist  having  clear  span  of  15  ft.  and 
effective  depth  of  12  ins.  that  will  support  a  load  of  400  lbs.  per  lineal 
foot  with  a  factor  of  safety  of  5  in  six  months,  using  1-2-4  concrete, 

.„  .,  82^2       82X12^  400         ^  . 

For  I  m.  wide  «/  =  — ;r-=  , —  =525; =  7.0  m.  wide; 

/^  15^  52.5 
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12.0X7.6 

steel  — --  —  0.91  sq.  m. 

100 

Example  4. — To  find  breaking  load  at  center  of  beam  8  ft.   long, 

8  ins.  wide,  and  10  ins.  deep  in  which  9 —  9  ins.,  for  1-2-4  concrete  one 

month  old. 

142.5X6X7'        142.5X8X9'  ,, 

W^- ^ g         -11.540  lbs.; 

,     9.0X8.0 

steel  =» —  0.51  sq.  m. 

142 

Example  5. — ^To  find  the  safe  bending  moment  in  foot-pounds  that 
can  be  sustained  by  a  beam  24  ins.  deep  (7»22  ins.)  and  12  ins.  wide, 
factor  of  safety  4,  concrete  1-3-6  six  months  old. 

4 

Talbot*!  FormuUs. — The  following  formulas  have  been  deduced  by 
Prof.  Talbot  from  the  results  of  his  experiments  gi\en  in  Table 
Vll-b  and  described  in  the  first  part  of  this  chapter.  They  are  here 
presented,  verbatim,  as  they  appeared  in  Prof.  Talbot's  paper  in  the 
Journal  of  the  Western  Society  of  Engineers  for  August,  1904: 

"In  this  analysis  reference  is  made  to  reinforced  concrete  beams 
subject  to  simple  fiexure.  It  is  assumed  that  the  beam  will  not  fai! 
by  shear  or  by  secondary  tensile  stresses,  and  that  the  work  done  by 
the  shearing  stresses  is  so  slight  in  comparison  with  the  work  of  the 
horizontal  stresses  as  to  be  negligible  in  the  calculation  of  resisting 
moment.  Shearing  and  secondary  stresses  will  require  a  separate  and 
more  complicated  analysis.  Simple  flexure  implies  that  the  loads  are 
applied  at  right  angles  to  the  length  of  the  beam,  and  that  the  ar- 
rangement of  the  end  supports  will  not  permit  arch  action.  The 
usual  assumptions  that  a  plane  section  before  bending  remains  a 
plane  section  after  bending  and  that  the  metal  and  surrounding  con- 
crete stretch  together  are  made.  It  is  further  assumed  that  the  ten- 
sion strength  of  the  concrete  at  the  time  of  maximum  load  is  negli- 
gible, as  shown  in  the  investigation  described  by  Prof.  Talbot  in 
presenting  the  Tests  of  Table  Vll-b. 

"Relation  between  Stress  and  Deformation  for  Concrete  in  Compx^saion. 
— ^We  must  acknowledge  at  the  outset  that  concrete  is  variable  in  its 
make-up.  Even  the  same  mixtures  give  different  deformations  for 
the  same  compressive  forces.  Variations  in  cement  and  stone,  in  the 
mixing,  in  the  rate  of  setting,  in  the  amount  of  water,  all  go  to  cause 
this.  Further  than  this,  concrete  does  not  possess  the  property  of 
proportionality  of  stress  and  deformation  as  does  steel;  in  other 
words,  the  deformation  produced  by  a  load  is  not  proportional  to  the 
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compressive  stress.     The  relation  between  stress  and  deformation  is 
commonly  stated  to  be  a  parabola. 

"Figure  13  shows  the  stress-deformation  curve  for  a  1-3-6  concrete 
cylinder  90  days  old  of  the  materials  used  in  the  beams  described 
in  this  paper,  which  was  tested  by  Mr.  R.  H.  Slocum,  Instructor  in 
Theoretical  and  Applied  Mechanics  in  the  University  of  Illinois.  The 
test  piece  was  8  ins.  in  diameter  and  20  ins.  long.  The  deformations 
were  measured  with  a  gauge  length  of  12  ins.  by  extensometers  read- 
ing to  i-ioooo  in.  The  abscissas  represent  compressive  stresses  or 
loads  in  pounds  per  square  inch.  The  ordinates  represent  deforma- 
tions per  unit  of  length  or,  what  is  the  same  thing,  shortenings  in 
inches  per  inch  of  length.  The  piece  failed  at  1,800  lbs.  per  square 
inch.  Possibly  flexure  of  the  specimen,  due  to  slight  eccentricity  of 
loading,  acted  to  induce  failure  somewhat  under  the  real  compressive 
strength  of  the  concrete.  The  diagram  is  an  almost  perfect  parabola, 
having  its  vertex  at  the  point  of  failure,  1,800  lbs.  per  square,  inch, 
and  its  axis  on  the  top  line  of  the  figure.  It  is  rare  to  find  a  stress- 
deformation  diagram  which  a  parabola  will  fit  so  well,  or  which  any 
curve  will  fit  so  well.    In  many  cases  an  exponential  curve  will  best 
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Fig.  13. — Stress-deformation  Diagram  for  Concrete  Cylinder  in  Compres- 
sion. 


fit  the  observed  points  and,  in  some  respects,  such  a  form  of  curve 
is  more  convenient,  but  as  the  parabola  is  frequently  used  for  this 
purpose  it  will  be  adopted  here. 

"Using  X  and  y  as  co-ordinates  and  a  and  h  as  constants,  and  plac- 
ing the  origin  at  the  zero  of  stress  and  deformation,  the  equation  of 
this  parabola  is  of  the  form  .r=ay — aby^,  or  if  we  use  ^0    for  y. 
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^c'  for  X,  and  E^  (which  will  be  defined  later)  for  a,  the  general 
equation  becomes 

h'-^EX-bE.Xc^ (55) 

where  h  is  one-half  of  the  reciprocal  of  the  deformation  at  failure, 
that  is,  at  the  full  compressive  strength  of  the  concrete,  provided 
this  law  for  stress-deformation  is  followed  to  the  vertex  of  the  para- 
bola. 

"The  term  coefficient  or  modulus  of  elasticity  is  used  with  mate- 
rials having  a  proportionality  of  deformation  to  stress  to  express  this 
relation ;  the  deformation  per  unit  of  length  multiplied  by  the  modu- 
lus of  elasticity  will  give  the  stress  per  unit  of  area.  Concrete  does 
not  possess  this  proportionality ;  the  factor  for  multiplying  the  defor- 
mation produced  to  obtain  the  stress  producing  it  is  variable.  Hence, 
the  use  of  modulus  of  elasticity  in  connection  with  formulas  for  flex- 
ure of  concrete  may  lead  to  misunderstandings.  However,  it  is  con- 
venient to  have  a  term  to  express  the  relation  between  stress  and 
deformation.  Using  x  and  y  as  co-ordinates,  the  equation  of  the  tan- 
gent to  the  parabola  at  zero  load  shown  in  Fig.  13  is 

x  =  Ecy (56) 

This  tangent  line  represents  the  relation  which  would  exist  between 
stress  and  deformation  if  the  concrete  compressed  uniformly  at  the 
rate  it  started  out  to  compress,  and  E  will  be  called  the  initial  modu- 
lus of  elasticity  of  the  concrete.  The  term  E^X^  of  equation  (55), 
then,  gives  the  stress  which  would  compress  an  amount  ^o  if  pro- 
portionality held,  but  the  last  term  of  the  equation  reduced  the  stress 
by  an  amount  which  varies  with  the  square  of  the  deformation, 

"Continuing  the  study  of  Fig.  13,  it  may  be  seen  that  a  slightly 
smaller  stress  than  the  crushing  value  has  a  considerably  smaller 
deformation;  thus,  1,687  ^t)s.  per  square  inch  gives  a  deformation 
of  .0009 ;  or 

—  fc"  gives  \  Xc\  using  f/  and  X/  as  the  ultimate  values  of  fJ  and  >l^ 
16 

and  }  fc"  produces  a  deformation  of  J/^'. 

Conversely,  a  considerable  reduction  in  the  amount  of  the  deforma- 
tion will  result  in  but  a  slight  decrease  in  stress.  For  small  stresses 
the  stress-deformation  curve  does  not  differ  much  from  the  line  of 
initial  modulus  of  elasticity. 

"Distribution  of  Stresses  in  Beam.— Let  Fig.  14  show  the  section  of 
the  beam,  kq  is  the  distance  of  the  neutral  axis  below  the  top  of  the 
beam,  k  being  a  ratio.     In  Fig.  15.  the  left  diagram  represents  the 
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deformations  above  and  below  the  neutral  axis.  Consider  that  the 
upper  fiber  is  stressed  to  the  point  of  failure ;  the  upper  deformation 
will  then  be  the  ultimate  or  crushing  deformation.  Since  the  defor- 
mations are  proportional  to  the  distances  from  the  neutral  axis,  the 
curve  of  compressive  stresses  shown  on  the  right  will  be  a  parabola 
with  its  vertex  at  o.    The  horizontal  distances  to  the  *Iine  for  initial 


Fig.  14. — Section  of  Beam. 


modulus  of  elasticity'  represent  the  stresses  which  would  exist  for  the 
same  deformation  with  a  constant  modulus  of  elasticity  equal  to  £0- 
The  stress  in  the  steel  is  represented  by  a  length  proportional  to  the 
ratio  of  the  modulus  of  elasticity  of  the  steel  to  the  initial  modulus  of 

elasticity  of  the  concrete    f^-    v.'  •      I"    ^i^e    manner  Fig.  16  gives 

the  stress  and  deformation  distribution  for  a  deformation  of  the 
upper  fiber  equal  to  three-fourths  of  the  ultimate  deformation  of  the 


De/ormotioft 


Cofwn^ssi've  stress. 


(Ce/fter 

\i'"Xi-4        k fs *i 

Dehrmathff  Tensile  6fre6s 

ofsteel 
Fig.  15. — Stress  and  Deformation  Distribution  at  Ultimate  Deformation. 

concrete  and  a   stress  of  fifteen-sixteenths  of  the  crushing   stress. 
Fig.  17  shows  a  similar  distribution  of  one-half  ultimate  deformation 
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and  three-fourths  crushing  stress.  It  will  be  noted  that  the  parabolic 
arc  appears  somewhat  different  from  that  in  Fig.  15,  and  that  it 
differs  much  less  from  the  line  for  initial  modulus  of  elasticity. 


Defofmafioff 


C ^— JL 


i/stfl 


Fig.  16.- 


-Stress  and  Deformation  Distribution  at  Three-fourths  Ultimate 
Deformation  of  Concrete. 


IKeUtioB  in  the  Streis  Diacram. — In  deriving  formulas  for  resisting 
moment,  position  of  neutral  axis,  and  compressive  stress  at  upper 
fiber,  three  relations  in  the  stress  diagram  are  needed:  (i)  The  re- 
lation of  the  stress /o''  and  the  deformation  K  at  the  upper  fher; 
(2)  the  total  compressive  stress,  here  called  2X;  and  (3)  the  ]K)si- 
tion  of  the  center  of  gravity  of  the  compressive  stresses  given  by  the 


Fig.  17. — Stress  and  Deformation  Distribution  at  One-half  Ultimate  Defor- 
mation of  Concrete. 
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distance  nx.  These  relations  vary  for  different  values  of  the  defor- 
mation in  upper  fiber.     Basing  the  variation  on  the  parabolic  stress 

deformation  law  previously  stated,  and  using  ^  =  tt  *s  the  ratio 
of  the  deformation  developed  in  the  upper  fiber  to  the  ultimate  defor- 
mation of  the  concrete,  the  following  relations  are  readily  deduced, 
though  their  derivation  will  not  be  given  here : 


JsL 


-i-ir 


(57) 


Parabolic  area 


iEcXckbq     Triangular  area 


-i-Jr. 


nx 
kq' 


4~^ 
12— 4r 


-^i'^^i:,) 


(58) 


(59) 


"Equation  (57)  gives  the  ratio  of  the  compressive  stress  in  the 
upper  fiber  to  the  stress  which  would  exist  for  the  same  upper  defar- 
maticHi  with  a  straight-line  stress-deformation  relation.  Equation 
(58)  gives  the  ratio  of  the  summation  of  compressive  stresses  to  the 
stress  which  would  exist  for  the  same  upper  deformation  with  a 
straight-line  stress-deformation  relation.  Equation  (59)  gives  the 
ratio  of  the  distance  between  the  compression  surface  and  the  center 
of  gravity  of  compressive  stresses  to  the  distance  between  that  sur- 
face and  the  neutral  axis. 

"Values  for  several  ratios  of  upper  to  ultimate  deformation  are 
given  in  the  following  table; 

TABLE. 
Properties  op  the  Stress  Diagram. 


Property 

At  Ultimate 
deformation. 

At  f  ultimate 
deformation. 

At  1  ultimate 
deformation. 

At  }  ultimate 
deformation. 

Ix 
nx 

hEcXc 
\E^kbq 
ikq 

\E^c 

iEcXckbq 

iEX 

^,E,Xckbq 
l\kq 

^{E^ckbq 

"Fig.  18  shows  graphically  the  relations  given  by  equations  (57), 
(58)  and  (59).  It  will  be  seen  that  the  center  of  gravity  of  the  com- 
pressive stresses  ranges  from  J^  distance  down  to  neutral  axis  (the 
value  for  a  deformation  equal  to  the  ultimate  deformation)  to  Y^ 
distance  down  to  neutral  axis  at  the  lower  limit.  The  position  for 
r=Ji  is  ^^  equal  to  .36.  This  is  not  far  from  the  value  ^  which 
was  used  in  computing  the  resisting  moment  of  Table  VII -b,  and 
which  was  obtained  by  another  method  of  analysis.    The  other  ratios 
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arc  less  near  constant.     The   ratio  for  compressive  stress   at  most 
remote  fiber  to  that  for  direct  proportionality  with  same  deformation 

(  /.*'\)      ranges  from  ^i  when  ultimate  deformation  of  concrete  is 

developed  to  i.o  for  no  deformation.     The  range  for  summation  of 


.»  — ^f?< 


I 


^ 


Fig.  i8. — Variations  of  Functions  with  r. 


compressive  stress  is  from  ^  to  i.o.  It  should  be  remembered  that 
these  formulas  are  not  applicable  when  tensile  stresses  of  concrete 
need  consideration. 

'^Ntutral  Axis. — The  foregoing  relations  and  the  analytical  condi- 
tion that  the  total  horizontal  compressive  stresses  and  the  total  hori- 
zontal tensile  stress  are  equal  will,  if  tensile  stresses  in  the  concrete 
be  neglected,  readily  enable  the  position  of  the  neutral  axis  to  be 
determined  for  rectangular  beams.  From  the  proportionality  of  def- 
ormation (Figs.  15,  1 6  and  17), 


A, 


Equating  horizontal  stresses, 

Dividing  (61)  by  (60)  and  substituting?  fs'^^^s^s* 
E, 


(60) 


(61) 


Calling 


=-c  and  -.~=p, 
Ec  bq 
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Solving 


pe(i-k)^iii-ir)k' 


pV 


/      1  ^2  1         ....      (62) 

"This  gives  the  position  of  the  neutral  axis  after  tensile  stresses 
in  the  concrete  have  become  negligible  and  before  the  concrete  reaches 
its  ultimate  strength. 

"The  value  of  k  will  vary  somewhat  for  the  range  of  r  considered. 

"For  r=i  equation  (62)  becomes 


\  4  2 


(63) 


which  is  the  expression  when  the  concrete  is  at  the  limit  of  its  com- 
pressive strength. 

"For  r=o,  equation  (62)  becomes 


-^l 


2  pe+  /?V  -pe 


(63a) 


which  IS  the  same  as  the  value  of  k  derived  with  a  straight-line  stress- 
deformation  relation. 

"Fig.  19  shows  the  variation  in  k  for  ^=15  and  a  i  per  cent,  rein- 


forcement (/7=.oi),  given  both  in  terms  of  r  and  in  terms  of -y^J. 

J    0 

"In  this  diagram  the  position  of  the  neutral  axis  changes  from  .418 
when  r=o  to  .484  when  the  full  or  crushing  deformation  is  developed. 
It  shows  a  slow  change  for  increasing  values  of  the  compressive  stress 
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Fig.  19.— Variation  in  Position  of  Neutral  Axis  for  Different  Values  of  r. 
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until  two-thirds  of  the  full  compressive  strength  of  the  concrete  is 
developed.  Beyond  this  the  neutral  axis  lowers  rapidly.  Ordinarily, 
a  I  per  cent,  reinforcement  will  not  develop  the  full  compressive 
strength  of  concrete,  but  the  diagram  serves  to  illustrate  the  change  in 


Fig.  19a. — Position  of  Neutral  Axis. 


1^    s    I 


I 


the  position  of  the  neutral  axis  both  in  this  and  with  other  amounts 
of  reinforcement.  It  is  seen  that  the  position  remains  nearly  constant 
during  what  will  be  termed  the  third  stage  of  beam  action. 
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"Of  course,  for  low  values  of  r,  the  tensile  strength  of  the  con- 
crete would  modify  the  position  somewhat. 
"For  r=yi,  equation  (62)  becomes 


4^ 


pe+l^p*e*--pe (63b) 

121  II 


"This  equation  gives  the  position  of  the  neutral  axis  for  deforma- 
tions which  correspond  closely  with  those  developed  under  working 
stresses. 

"Fig.  19a  gives  the  position  of  the  neutral  axis  based  upon  equa- 
tion (63b)  (r=j4)  for  ^=10,  12,  15  and  20.  Calling  the  modulus  of 
elasticity  of  steel  30,000,000  pounds  per  square  inch,  these  ratios  cor- 
respond to  initial  moduli  of  elasticity  of  concrete  of  3,000,000,  2,500,- 
000,  2,000,000  and  1,500,000  pounds  per  square  inch,  respectively. 

"Sesisting  Moment — When  the  tensile  stresses  in  the  concrete  are 
neglected  and  the  center  of  gravity  of  the  compressive  stresses  is 
known,  the  value  of  the  resisting  moment  of  the  beam  (which  it  is 
readily  seen  is  the  moment  of  the  couple  formed  by  the  tensile  stress 
in  the  steel  and  the  resultant  of  the  compressive  stresses  in  the  con- 
crete) is  easily  expressed  as  the  product  of  the  tensile  stress  in  the 
steel  and  the  distance  from  the  center  of  the  steel  to  the  center  of 
the  gravity  of  the  compressive  stresses.  Hence,  the  formula  for  the 
resisting  moment  for  a  rectangular  beam  is 

^o^^Js(<i-^x) (64) 

"It  was  shown  that  nx  varies  slightly  for  different  compressive 
stresses.  Using  the  value  of  nx  for  conditions  when  the  concrete  is 
stressed  to  three-fourths  of  its  ultimate  deformation,  this  becomes, 
for  a  rectangular  beam, 

M^^AJsii-s6k)q (6s) 

"For  r=J^,  the  value  of  nx  is  approximately  .^S^q,  and  for  r=}it 
.S4kq.  For  r=o,  nx=yikq.  This  is  the  position  when  the  straight- 
line  stress-deformation  is  used;  i.  e.,  when  the  modulus  of  elasticity 
is  constant  and  equal  to  the  initial  modulus  of  elasticity. 

"When  the  -£"0  of  the  concrete  is  known,  and  the  amount  of  rein- 
forcement is  fixed,  equation  (64)  will  take  the  form 

M^'^Asfsq'  (66) 

where  ^  is  the  moment  arm  of  the  couple,  and  may  be  expressed 
as  a  proportionate  part  of  q.  Thus  for  r=%,  with  £"0=2,000,000 
pounds  per  square  inch  (^=15)  and  i  per  cent  reinforcement 
(^=.01),    ^=^53g.     For    1.5    per    cent,   reinforcement    (^=.015), 
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q'=.S^iq,  The  values  of  the  resisting  moment  for  these  reinforcements 
become  .853^^,^  and  .S31 --/./>,   respectively. 

"This  method  offers  the  most  convenient  way  of  calculating  the 
resisting  moment  so  far  as  it  is  controlled  by  the  tension  of  the  steel 
within  its  elastic  limit.  The  position  of  the  neutral  axis  may  well 
be  taken  from  a  diagram  like  Fig.  iga,  and  the  value  of  q'  is  then 
easily  obtained. 

"Generally,  it  will  be  best  to  use  the  resisting  moment  in  terms  of 
the  tension  in  the  steel,  but  if  it  is  desired  to  express  it  in  terms  of 
the  compression  in  the  concrete  the  following  equation  may  be  used: 

^^0 - ([_y\-[) if/ ^^<i (^—»^)  •  .  .  M07) 

"At  least  an  approximate  value  of  q  will  be  known  which  may  he 
used  in  equation  (67).    The  fractional  coefficient  is  the  reciprocal  of 

the  function  zp/^  given  in  Fig.  18. 
Jt 

"Compresgive  Stress  at  Upper  Fiber.— The  formulas  for  the  position 
of  the  neutral  axis  and  moment  of  resistance  are  based  upon  the  as- 
sumption that  the  compressive  stress  in  the  upper  fiber  is  within  the 
crushing  strength.  To  determine  the  value  of  the  upper  compressive 
stress,  substitute  equation  (57)  in  equation  (61  )i 

"This  reduces  to 

f^-^n'^i  '-> .  ^/•^.' ini: (,s) 

kbq       I— ir  k       t~\r 

**  For  a  deformation  of  upi>er  iW^r  e<iual  to  three-fourths  of  defonna- 

tion  at  crushing  (or  /c'  =  -^/t').  this  lx»comes  A  '  =  '  -        *•    For  an  upper 
16  6    Af 

deformation   equal   to  one -half   t)f  ultimate   deformation   this    1  becomes 

=  — 
10 

-^ r^      As  the  upper  deformation  decreases,  the  value  of  fc '  approaches 

4      ^ 

2pfs 

— —  ,  which  is  the  amount  of  stress  for  a  constant  modulus  of  elasticity 
k 

equal  to  the  initial  modulus  of  elasticity.     By  multiplying  — ^- — .  the 

k 

stress  found  on  the  basis  of  a  constant  modulus  of  elasticity  and  a  known 

position  of  the  neutral  axis,  by  this  ratio the  value  of  the  com- 

I— Jr 


fc'  =  — ■     For  the  crushing   point  of  the    concrete  it  l)ecomes  , 

10    k 
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pression  stress  as  found.  The  variation  in  this  ratio  may  be  seen  in  the 
upper  line  in  Fig.  18. 

'Value  of  Initial  Modulus  of  Elasticity. — The  determination  of  the 
value  of  the  initial  modulus  of  elasticity  is  a  matter  for  experimental 
investigation.  In  getting  the  initial  modulus  of  elasticity  from  stress- 
deformation  diagrams,  points  early  in  the  curve,  rather  than  at  the 
crushing  point,  should  control,  since  the  action  at,  and  near,  the 
crushing  point  may  be  quite  variable.  The  exact  basis  for  such  a 
determination  will  need  study  and  discussion.  It  is  to  be  expected 
that  different  mixtures  of  concrete,  different  degrees  of  porosity,  and 
different  degrees  of  dryness  of  the  concrete  will  give  different  values. 
Preliminary  calculations  for  the  1-3-6  concrete  used  in  reinforced 
concrete  beams,  plain  concrete  beams,  and  compressive  test  pieces 
of  the  investigation  give  values  ranging  from  1,800,000  to  2,500,000 
with  a  mean  of  2,000,000.    This  makes  the  ratio  e  from  12  to  17. 

"Other  Forms  of  Section. — The  analysis  may  be  modified  to  apply  to 
tee-shapes  and  other  forms  of  section.  For  the  tee-shape,  when  the 
top  width  extends  down  to  the  neutral  axis,  the  full  top  width  may 
be  used  for  h  in  the  formulas  just  given.  For  other  conditions  fur- 
ther modifications  will  be  necessary  to  determine  the  position  of  the 
neutral  axis  and  the  center  of  gravity  of  compressive  stresses." 

In  closing,  Prof.  Talbot  says  that  **if  the  parabolic  stress-deforma- 
tion relation  is  correct,  as  is  usually  assumed,  the  analytical  theory  is 
tenable.  The  method  outlined  involves  the  use  of  the  ratio  r,  for 
which  a  value  must  be  selected  tentatively,  but  the  resisting  moment 
and  the  position  of  the  neutral  axis  and  the  center  of  gravity  of  the 
compressive  stresses  are  not  much  affected  by  variations  in  r  within 
the  usual  range.  It  is  recognized  that  the  constants  E^  and  \  must 
be  determined  for  a  variety  of  concretes  and  that  the  applicability  of 
the  theory  must  be  subjected  to  verification  by  wider  experimental 
investigations." 

Hatt's  Formulas.* — Prof.  W.  K.  Hatt,  in  a  paper  read  before  the 
Western  Society  of  Engineers,  gives  the  following  formulas  for  flex- 
ure, following  the  method  of  M.  Considere.  These  formulas  have 
been  recommended  by  a  committee  of  the  American  Railway  Engin- 
eering and  Maintenance  of  Way  Association. 

^Ac  =  the  distance  from  the  compression  face  to  the  neutral  axis. 
/tM  =  the  distance  from  the  compression  face  to  the  center    of 
gravitJy  of  the  reinforcement. 

*In  using  these  or  other  parabolic  formulas,  the  values  for  safe  working 
stress  per  square  inch  in  compression,  of  Table  VI,  should  be  reduced,  in 
order  to  maintain  the  same  actual  factor  of  safety,  as  given  by  the  straight- 
line  formulas. 
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p  — the  ratio  of  the  area  of  steel  to  that  of  the  croes-section  of 

the  beam. 
6  — width  of  beam. 
Es,  Ect  Ef^the  moduU  of  elasticity  of  the  steel,  concrete  in  compression, 

and  concrete  in  tension  respectively. 
n^Ee-^Ef. 
e^Ej-i-Ef. 

/j  — stress  in  metal  reinforcement. 
/^'  —  compressive  stress  in  outer  fiber  of  concrete, 
/f  i- tensional  stress  in  outer  fiber  of  concrete. 

Reinforcement  is  supposed  to  be  in  the  tension  flange  alone.  E, 
and  Et  are  measured  at  the  stresses  //  and  yi-  The  values  of  x,  y, 
and  p  are  ratios,  p  and  u  are  at  the  control  of  the  designer,  while  x 
depends  on  p,  u,  n,  and  e;  n  and  e  are  fixed  by  the  quality  of  the  ma- 
terials, and  they  change  during  flexure  with  the  varying  values  of 
/o'»  /•!  and  Ay  that  is,  the  modulus  of  elasticity  of  the  concrete  va- 
ries with  the  stress  at  which  it  is  measured.  For  practical  purposes 
of  computation,  however,  the  constant  values  of  n  and  e  may  be  used 
appropriate  to  the  loads  or  stress  per  square  inch. 

On  the  assumption  of  plane  cross-sections  during  flexure,  we  may 
determine  the  ratio  of  /,  to//  and  /,  to/c*    as  follows: 

//  ~f^nx^{i-x) (6g) 

/,  -M«-^)-(i-^) (70) 

Next,  to  locate  the  neutral  axis ;  that  is,  to  determine  the  value  of 
X,  we  may  equate  the  forces  of  tension  and  compression  on  the  cross- 
section,  assuming  that  the  stress-strain  diagrams  are  arcs  of  para- 
bolas.   Thus 

!/c'-^-?/.(i~J^)  +  y>/, (71) 

Inserting  the  values  Z^'  and  /,  obtained  above  we  obtain   the   following 
quadratic : 

Solving  the  quadratic  we  have 


— l(4  +  3P<')+\/4«  -f  g/4/>V-Hp[6rj  f<(n-i)  -h  i }] 

If  n=i,  as  is  the  fact, 

A=  - (7a) 

4  +  3/'*^ 

Having  obtained  x  we  may  compute  fc'  and  /„  and  finally  obtain  the 
moment  of  resistance  of  the  section.  Taking  moments  about  the  neutral 
axis,  we  have 
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C73) 


No  useful  development  will  result  from  the  substitution  in  equation 
(73)  of  the  value  of  x  obtained  in  general  terms  from  equation  {72). 
In  practical  computations,  n,  e,  u,  and  p  are  g^vcn;  x  is  then  com- 
puted from  {j2)\f/  and  A  computed  from  equations  (60)  and  (70)  ; 
finally  the  moment  of  resistance  is  computed  from  equation  (73). 

At  the  load  corresponding  to  the  cracking  of  the  concrete  in  the 
tension  face  these  equations  should  be  modified  to  correspond  with 
the  fact  that  the  stress-strain  diagram  for  the  concrete  in  tension  is 
more  nearly  a  rectangle  than  a  parabola.  The  difference,  however, 
between  the  results,  at  the  time  of  the  appearance  of  the  crack,  due 
to  the  assumption  of  the  rectangle,  or  a  parabola,  is  small.  With 
proper  values  of  n  and  e  the  equations  may  be  allowed  to  stand. 

When,  however,  the  crack,  having  formed  itself,  extends  through 
the  lower  region  of  the  cross-section,  the  equations  must  be  modified 
by  the  omission  of  the  effect  for  the  tensional  forces  due  to  the  resist- 
ance of  the  concrete  under  tension. 

We  have  then 

J//««/>/5  or/>— ^(u^*)  =  ti^», (74) 

which  serves  to  locate  the  neutral  axis.  When  A  is  assumed  to  be 
the  elastic  limit  of  the  reinforcing  metal  f/  may  be  computed. 

In  the  stone  concrete  beams  tested  by  Prof.  Hatt,  the  elastic  limit 
of  the  iron  was  reached  before  the  concrete  failed  in  compression. 

The  resisting  moment  of  the  section  is 

Mo-6A'|^//:^  +  p/,(t^^)[ (75) 

Goldmark's  Formulas. — The  following  formulas  were  presented  by  Mr. 
Henry  Goldmark  in  a  paper  read  before  the  Canadian  Society  of  Engi- 
neers, February  20,  1906'. 


\   \      As        /  4     ^5    L    \        4      >lj 


A," 


(76) 
(77) 


M„~A,.f,.q.{i-^^) (79) 
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Grad«  of  StML — The  quality  of  steel  used  in  reinforcing  concrete 
should  be  as  carefully  specified  as  for  an  all-steel  structure  doing  the 
same  duty.  Some  engineers  advocate  the  use  of  high  stetl,  on  account 
of  its  high  elastic  limit,  which  recent  tes>ts  show  gives  a  higher  ulti- 
mate strength  to  the  beam.  The  breaking  load  for  beams  having  the 
proper  amount  of  reinforcement  appears  to  be  at  about  the  elastic 
limit  of  the  steel.  In  most  cases,  and  certainly  in  structures  subject 
to  shock  or  impact,  the  writer  considers  it  better  and  more  consena- 
tive  practice  to  use  medium  or  mild  structural  steel,  except  for  re- 
inforcement for  thermal  and  shrinkage  st^resses  only,  where  high  steel 
appears  to  be  preferable. 

Shearins  Stresses  in  Beams. — Few  experiments  have  been  made  that 
throw  much  light  on  the  question  of  shearing  stresses  in  reinforced 
concrete  beams.  The  problem  is  radically  dift'erent  from  that  of  a 
steel  plate  girder.  In  the  latter  the  web  is  usually  very  thin,  and  the 
strength  of  the  metal  practically  the  same  for  tensile  and  compressive 
stresses.  The  mode  of  failure  of  the  web  of  a  plate  girder  is  by  the 
buckling  of  the  web,  because,  in  the  direction  of  the  compressive 
stress,  the  web  acts  as  a  long  column  with  a  length  of  sometimes  lOO 
or  150  times  its  thickness.  Therefore,  when  reduced  by  a  formula 
for  flexure  under  compressive  stress  and  with  an  allowance  for  the 
beneficial  effect  of  the  tenbilc  stresses  in  holding  the  web  in  line,  we 
find  that  it  is  very  much  weaker  on  the  lines  of  the  compressive 
stresses. 

In  concrete,  on  the  other  hand,  the  thickness  of  the  sections  is 
always  such  that  the  question  of  flexure  in  compression  does  not  en- 
ter into  the  resistance  of  the  shearing  stresses  by  what  may  be  called 
the  web.  But,  on  the  other  hand,  the  tensile  strength  of  the  concrete 
is  only  about  one-tenth  of  its  compressive  strength.  From  this  it 
would  appear  that  the  manner  of  failure  of  a  concrete  beam  in  exces- 
sive shearing  stresses  would  probably  be  by  tension,  which  is  exactly 
opposite  to  the  manner  of  failure  of  a  plate-girder  web  under  exces- 
sive shearing. 

A  plate-girder  web  is  reinforced  by  stifTeners,  to  prevent  bucklinfj. 
To  reinforce  a  concrete  beam  for  shearing  stresses,  the  natural 
method  would  seem  to  be  to  insert  stcd  members  connecting  the 
lower  and  upper  fibers  and  inclined  at  an  anj^lc  of  45^  upward  to- 
ward the  nearest  support.  Table  VII  gives  47  tests  of  reinforced  con- 
crete beams.  It  does  not  appear  that  any  one  of  these  beams  has 
failed  primarily  under  vertical  shear.  As  most  of  them  were  sub- 
jected to  a  center  load,  and  the  others  to  loads  at  two  points  (posi- 
tion not  located),  the  shear  for  those  loaded  at  the  center  would  be 
onlv  one-half  of  the  end  shear  that  would  be  produced  by  a  uniformly 
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distributed  load  giving  the  same  bending  moment.  Concentrated 
loads  near  the  points  of  support  would  produce  relatively  much  greater 
end  shear  than  bending  moment.  This  may,  in  part,  account  for  the 
fact  that  tests  to  destruction  of  concrete  beams  have  generally  shown 
failure  by  transverse  rupture  and  not  by  vertical  shear. 

By  reference  to  Tables  I  and  VI,  it  will  be  seen  that  the  shearing 
strength  of  the  beams  given  in  Table  VII  should  be  from  270  lbs.  to 
380  lbs.  per  square  inch  ultimate,  depending  on  the  mixture  and  age. 
The  safe  working  shearing  strength  of  concrete  may  be  taken  at  50 
lbs.  to  75  lbs.  per  square  inch.  The  latter  figure  may  safely  be  used 
on  all  ordinary  cases  and  the  former  for  cases  of  severe  loading,  in- 
cluding impact. 

Taking  tests  numbers  11  to  16,  inclusive,  of  Table  VII  and  multi- 
plying the  area  of  their  cross-section  by  the  probable  ultimate  shear- 
ing strength  for  the  proportions  of  cement  to  sand,  and  for  the  age 
at  which  they  were  tested,  as  given  therein,  it  will  be  found  that  the 
probable  ultimate  shearing  strength  of  number  11  was  about  12,000 
lbs.,  while  the  maximum  shearing  due  to  its  ultimate  strength  was 
only  1,114  lbs.  Numbers  12  and  13  had  a  probable  ultimate  shearing 
strength  of  15,000  lbs.,  whereas  they  failed  under  loads  producing 
maximum  shears  of  only  1,119  ^^s.  and  1,046  lbs.,  respectively.  Num- 
ber 14  had  a  probable  ultimate  shearing  strength  of  nearly  17,000  lbs., 
and  failed  under  a  load  producing  an  end  shear  of  2,493  ^^s.  Num- 
bers 15  and  16  had  a  probable  ultimate  shearing  strength  of  20,900 
lbs.,  and  failed  under  loads  producing  end  shears  of  only  2,548  lbs. 
and  2,493  ^bs.,  respectively.  From  this  it  will  be  seen  that  these  should 
not  have  failed  by  shearing,  and  even  if  they  had  been  tested  to  de- 
struction under  uniformly  distributed  loads  the  shear  would  only  have 
been  doubled,  and  there  would  still  have  been  a  safety  factor  of  4  for 
shearing.  Mr.  Thacher  states  that  these  beams  all  failed  by  transverse 
rupture  due  to  bending,  with  vertical  cracks  in  the  concrete  under 
the  point  of  loading. 

Taking  tests  numbers  23  to  47,  inclusive,  we  find  that  the  probable 
ultimate  shearing  strength  should  have  been  from  26,000  lbs.  to 
29,000  lbs.  These  beams  failed  under  loads  producing  maximum  end 
shears  of  from  5,000  lbs.  to  nearly  15,000  lbs.,  and  23  out  of  25  failed 
under  loads  producing  shears  of  7,000  lbs.  to  12,000  lbs.  Under  uni- 
form load  producing  the  same  moment,  the  maximum  shear  would 
have  been,  on  an  average,  about  two-thirds  of  the  ultimate  shearing 
strength  of  the  beams.  Twenty  out  of  these  twenty-five  beams  failed 
by  a  longitudinal  shearing  break  at,  or  near,  the  reinforcing  bar  and, 
in  addition,  a  break  extending  diagonally  (often  at  an  angle  of  45®) 
upward  toward  the  center.    The  point  where  the  longitudinal  break 
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joined  the  top  of  the  beam  was  sometimes  at  the  point  of  application 
of  the  load  and  sometimes  near  it.  Fig.  20  illustrates  the  general 
characteristics  of  this  manner  of  failure  at  the  point  **a" 

Fig.  21  illustrates  the  lines  of  the  principal  stresses  in  a  beam,  as 
given  by  Rankin.  Comparing  Figs.  20  and  21,  and  noting  that  the  shear 
in  a  beam  under  a  single  concentrated  load  is  the  same  at  all  sections 
when  the  dead  weight  of  the  beam  is  neglected,  it  is  clear  that  the 
break  a  practically  follows  a  line  of  compressive  stress.  The  lines 
of  compressive  stress  cross  the  lines  of  tensile  stress  at  the  neutral 
axis,  making  angles  of  45°  with  the  latter.  The  intensity  of  stress  on 
these  lines  is  maximum  where  they  arc  horizontal,  at  the  top  of  the 
beam  for  the  compressive-  and  at  the  bottom  for  the  tensile-stress 
lines,  and  are  zero  when  they  become  vertical  at  the  bottom  or  top. 


I 


Fig.  20. — Diagram   Showing   Diagonal    Break   Frequently    Attributed   to 

Shear. 


Fig.  21. — Diagram  Illustrating  Lines  of  Stresses  in  Beams,  as  Given  by 

Rankin. 


From  this  it  appears  that  the  crack  a,  Fig.  20,  was  practically  started 
at  the  bottom  by  the  cracking  of  the  concrete  due  to  the  tension  of 
flexure  and  was  extended  by  the  tensile  stress  of  shear  acting  normal 
to  the  line  of  the  crack  and  tending  to  pull  the  concrete  apart.  While 
the  shearing  stresses  were  less  than  the  strength  of  the  concrete  and 
could  not  have  caused  these  cracks  primarily,  in  a  material  of  this 
nature  a  crack  once  started  by  some  other  cause  is  often  extended  by 
stresses  much  less  than  the  strength  of  the  material. 

If  this  explanation  is  the  true  one,  it  should  not  be  considered  that 
these  beams  failed  by  shear,  but  that  failure  in  the  concrete  having 
been  caused  by  the  tensile  stress  of  flexure  the  cracks  were  extended 
by  a  shearing  stress  which  otherwise  would  have  been  safe. 

Again  referring  to  Fig.  20,  if  a  similar  crack  had  occurred  at  a 
point  nearer  the  support,  as  at  b,  it  may  be  accounted  for  in  a  simi- 
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lar  manner,  excepting  that  the  primary  crack  in  that  case  probably 
has  been  due  to  the  longitudinal  shearing  between  the  reinforcing 
bars  and  the  concrete,  which  is  maximum  toward  the  ends. 

It  is  possible  that  similar  cracks  would  result  from  a  primary  fail- 
ure due  to  shear,  and  if  the  ultimate  strength  of  the  beam  to  resist 
shear  was  reached  before  its  ultimate  resistance  to  flexure,  it  is  likely 
that  they  would  occur,  but  they  would  probably  start  at  the  point 
where  shear  is  maximum. 

Taking  test  numbers  23  to  47  from  Table  VII,  all  except  five  of 
which  failed,  as  described,  and  noting  that  the  shear  at  the  points 
where  failure  occurred  was  less  than  at  the  ends  by  the  amount  of 
the  shear  due  to  the  weight  of  the  beam  itself,  it  seems  to  be  clearly 
demonstrated  that  these  cracks  are  not  due  primarily  to  shear. 


Teat  No.  17. 


T«3tNo.l9. 


TestNo.18. 
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Test  No.  aO. 
Fig.  22. — Construction  of  Beams  for  Tests  17  to  20  in  Table  VII. 

Beams  numbers  32,  33,  and  34  were  reinforced  with  16  stirrups  of 
%  in.  square  rods,  but  there  are  no  identical  tests  without  stirrups 
of  the  same  age  and  manner  of  loading  with  which  to  compare  them 
and  deduce  the  probable  value  of  the  stirrups.  Comparing  them  by 
bending  moments  producing  fracture,  we  see  that  32  and  33,  com- 
pared with  29,  show  an  apparent  loss  of  22.5  per  cent,  and  34,  com- 
pared with  31,  shows  an  apparent  loss  of  29.2  per  cent.  This  would 
indicate  that  tKe  stirrups  are  a  disadvantage,  but  certainly  no  definite 
conclusions  can  be  drawn  from  these  comparisons. 

Incidentally,  it  is  worth  while  to  notice  that  29  compared  with  30 
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and  31  shows  no  benefit  whatever  derived  from  embedding  reinforc- 
ing metal  on  the  compression  side  of  the  neutral  axis. 

Tests  numbers  18  and  20  with  stirrups  and  17  and  19  without  stir- 
rups were  made  for  the  purpose  of  determining  the  advantage  of 
using  stirriips.  They  are  not  entirely  satisfactory  comparisons,  be- 
cause the  beams  with  stirrups  were  reinforced  with  plain  rods,  while 
those  without  stirrups  were  reinforced  with  twisted  rods.  Fig.  22 
shows  the  arrangement  of  the  reinforcing  metal  in  these  four  beams. 
The  two  beams  with  stirrups  had  an  advantage  over  those  without 
stirrups  of  fourteen  days  in  age  and  also  a  slight  advantage  in  the 
area  of  the  steel  reinforcement.  Notwithstanding  this  advantage, 
number  18  shows  a  loss  of  7.4  per  cent  in  strength,  as  compared 
with  number  17,  and  number  20  shows  a  loss  of  ,32.3  per  cent.,  as 
compared  with  number  19.  As  far  as  this  series  goes,  it  tends  to 
discredit  the  use  of  stirrups  of  that  kind  and  arrangement 

Of  tests  24  to  47,  inclusive,  most  of  them  contained  an  excess  of 
metal.  Beams  economically  designed,  like  those  of  tests  11  to  16, 
inclusive,  where  the  metal  is  not  in  excess,  would  rarely  require 
reinforcement  for  shearing  stresses. 

No  tests  are  known  to  have  been  published  with  beams  reinforced 
with  steel  members  running  from  the  bottom  to  the  top  and  inclined 
at  an  angle  of  45°  upward  toward  the  nearest  support.  A  series  of 
this  kind  would  be  very  interesting,  if  scientifically  made.  The  in- 
clined reinforcing  rods  should  not  be  farther  apart  than  the  depth  of 
the  beam.  An  indication  of  what  may  be  expected  from  tests  of  such 
beams  is  given  by  comparing  numbers  46  and  47  with  38  and  36,  re- 
spectively; 46  and  47,  in  addition  to  the  twisted  square  rods,  were 
reinforced  with  expanded  metal  extending  throughout  their  length 
and  depth,  but  were  otherwise  identical  with  38  and  36.  Test  num- 
ber 46  shows  a  gain  in  ultimate  strength  of  27.6  per  cent.,  and  47  a 
gain  of  32  per  cent.,  or  an  average  gain  for  the  two  beams  so  rein- 
forced of  29.8  per  cen^.  There  is  no  other  explanation  for  this  gain 
in  ultimate  strength,  except  that  it  was  due  to  the  expanded  metal. 
The  additional  metal  thus  inserted  seems  to  have  been  placed  where 
it  would  do  the  most  good,  and  this  accounts  for  the  remarkable 
showing.  Any  other  kind  of  metal  properly  distributed  and  con- 
nected to  the  concrete  would  probably  make  an  equally  good  showing. 
In  a  discussion  of  Mr.  Harding's  paper,  referred  to  under  "Tests 
of  Beams,"  Prof.  Talbot  gives  the  following  analysis  for  shearing 
of  concrete:* 

"The  ordinary  assumptions  used  in  the  mechanics  of  beams  give 
horizontal  shearing  stresses  and  vertical  shearing  stresses  of  equal 

♦From  Engineering  Nezvs  of  Feb.  15.  1906;  Vol.  LV,  No.  7,  page  172. 
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intensity  at  any  point  in  a  beam,  and  these  vary  in  amount  in  differ- 
ent portions  of  the  depth  of  the  beam.  These  horizontal  stresses  may 
be  said  to  transmit  the  tension  of  the  steel  to  the  compression  of  the 
concrete.  In  homogeneous  rectangular  beams,  like  wooden  beams, 
the  maximum  unit  shearing  stress,  either  horizontal  or  vertical,  oc- 
curs at  the  neutral  axis  and  equals  V-^bdy^3/2y  where  V  is  the  ex- 
ternal or  vertical  shear  at  the  given  section,  and  b  and  d  the  breadth 
and  depth  of  the  beam.  It  may  be  shown  for  the  assumptions  used 
in  the  ordinary  theory  of  beams  that  the  maximum  unit  shear  is 
V-^h(f,  where  q'  is  the  distance  from  the  center  of  the  compressive 
stresses  to  the  center  of  the  tensile  stresses,  and  which  we  may  call 
for  convenience  the  effective  depth  of  the  beam.  If  we  disregard 
tension  in  the  concrete,  the  unit  shear  in  a  reinforced  concrete  beam 
will  be  constant  from  the  steel  to  the  level  of  the  neutral  axis,  and 
for  the  beams  (of  Table  VIIc,)  will  be  about  V^-o.^ybd.  The  dia- 
gram is  intended  to  show  the  distribution  of  the  shearing  stresses 
through  a  vertical  section.  Of  course,  this  reasoning  applies  to  cases 
where  the  reinforcement  is  carried  horizontally  to  the  end  of  the 
beam,  and  must  be  modified  where  bars  are  bent  into  inclined  position. 


Cmnprt»im 


Fig.  23. — Distribution  of  Horizontal  and  Vertical  Shear. 


"The  shearing  stresses  obtained  by  calculation  in  this  way  are  small 
in  amount,  and  the  limit  usually  put  on  the  resistance  of  the  concrete 
is  quite  low.  However,  it  is  ordinarily  staged  in  books,  I  believe, 
that  the  shearing  strength  of  concrete  is,  say,  15  per  cent,  of  its 
crushing  strength,  as  sometimes  given,  to  as  high  as  35  per  cent. 
Values  like  these  are  obtained  from  tests  where  bending  action  con- 
trols and  where  the  failures  are  really  tension  failures.  The  real 
shearing  strength  of  conciete  is  greater  than  these  results  imply. 
Tests  made  at  the  University  of  Illinois  on  test  pieces  designed  so 
that  tensile  stresses  will  not  govern,  ihdicate  that  shearing  strength 
is  as  much  as  one-half  to  three-fourths  as  great  as  the  compressive 
strength.  With  this  view  of  it,  it  can  hardly  be  said  that  reinforced 
concrete  beams  ordinarily  fail  by  shear.  What  we  have  been  calling 
shearing  failures  are  really  tension  failures." 
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LongitudiiiAl  Shear  between  Steel  and  Concrete. — The  longitudinal 
shear  between  the  concrete  and  the  steel  may  be  found  by  the  follow- 
ing method  given  by  Professor  Talbot  in  Bulletin  No.  4  of  the  Univer- 
sity of  Illinois  Engineering  Experiment  Station : 

"For  horizontal  reinforcement  the  formula  for  bond  may  be  derived 
as  follows:  For  any  vertical  section  of  the  beam  equation  (66) 
{Af^  =  AJ'^g')  gives  the    resisting   moment.         Differentiating   this, 

~\-2  ~-A^  ~z  9''      By  ^hc  principles  of  mechanics  of  beams    -  *   •  —V, 

where  V  is  the  total  vertical  shear  at  the  given  section  (reaction  at 
support  minus  loads  between  the  support  and  the  section  considered). 
Substituting  and  transposing, 


dx 


, (So) 


Now  the  derivative  -  ^  -    expresses  the  rate  of  change  of  the  total 

tensile  stress  in  the  reinforcing  bars  at  the  section  under  considera* 
tion;  it  is  given  in  terms  of  a  unit  of  length  of  beam  (pounds  per 
inch  of  length)  and  measures  what  is  transmitted  to  the  concrete  by 
the  bond.  Using  m  as  the  number  of  bars,  o  as  the  efficient  circum- 
ference or  periphery  of  one  bar,  the  total  surface  of  bar  for  one  inch 
of  length  of  beam  is  m  0,  and  the  bond  stress  developed  is  m  0  ti. 
where  u  represents  the  bond  developed  per  unit  of  area  of  surface  of 
bar.  Equating  this  to  the  value  of  the  derivative  in  equation  (80) 
and  solving, 

V 

« } (81) 

moq 

Equation  (81)  is  not  applicable  in  just  this  form  when  the  bars  are 
bent  up  or  inclined  from  the  horizontal,  since  in  this  case  ^  is  a  vari- 
able,  and  this  fact  will  modify  the  differentiation." 

To  provide  properly^  for  the  longitudinal  shear  at  the  reinforcing 
members,  in  addition  to  investigating  the  stress  by  formula  (81),  care 
should  be  taken  that  the  total  width  of  bars  on  any  horizontal  section 
does  not  exceed  one-half  the  width  of  beam  on  that  section,  and  it 
would  be  better  if  it  did  not  exceed  one-third  the  total  width  of  beam; 
also  that  the  distance  d^  from  center  of  reinforcing  rods  to  edge  of 
concrete  should  not  be  less  than  two  diameters  of  the  rods. 

Diagonal  Tension  in  Concrete. — Professor  Talbot,  in  Bulletin  No.  4, 
University  of  Illinois  Engineering  Experiment  Station,  gives  the  fol- 
lowing analysis  for  diagonal  tension  in  concrete : 

"In  the  flexure  of  a  beam,  stresses  are  set  up  in  the  web  which  arc 
sometimes  called  web  stresses  and  sometimes  secondary  stresses.    Be- 
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sides  the  horizontal  and  vertical  shearing  stresses  already  discussed, 
tensile  or  compressive  and  shearing  stresses  exist  in  every  diagonal 
direction.  In  determining  the  bending  moment  only  the  horizontal 
components  of  these  are  taken.  When  there  is  no  metallic  web  rein- 
forcement all  the  diagonal  stresses  are  taken  by  the  concrete.  By 
the  analysis  of  combined  shear  and  tension  the  value  of  the  maximum 
diagonal  tensile  unit-stress  (see  Merriman's  Mechanics  of  Materials, 
p.  265,  1905  edition)  is  found  to  be 

i='is+Vi?Tl^ (82) 

where  t  is  the  diagonal  tensile  unit-stress,  s  is  the  horizontal  tensile 
unit-stress  existing  in  the  concrete,  and  v  is  the  horizontal  or  vertical 
shearing  unit-stress;  v=V-T-b(f,  The  direction  of  this  maximum  di- 
agonal tension  makes  an  angle  with  the  horizontal  equal  to  one-half 

the  angle  whose  cotangent  is  — . 
"If  there  is  no  tension  in  the  concrete  this  reduces  to 

^=^ (83) 

and  the  maximum  diagonal  tension  makes  an  angle  of  45  degrees  with 
the  horizontal,  and  is  equal  in  tensity  to  the  vertical  shearing  stress." 

Care  and  judgment  should  be  used  in  applying  any  formula  involv- 
ing the  modulus  of  elasticity  of  concrete,  because  of  its  very  variable 
value.  Considere  found,  in  two  experiments,  which  were  identical, 
except  as  to  the  amount  of  water  used,  that  between  stresses  of  zero 
and  2,845  l^s.  per  square  inch  ^o==7,i  11,000  for  the  experiment  con- 
taining the  proper  amount  of  water,  and  ^0^2,845,000  for  the  ex- 
periment gauged  with  an  excess  of  water.  This  shows  a  loss  of  60 
per  cent,  due  to  excess  of  water  used  in  gauging.  The  concrete  with 
an  excess  of  water  was  soft  and  easily  crumbled,  and  did  not  acquire 
compactness.  Where  concrete  may  be  subjected  to  severe  stresses, 
particularly  those  of  flexure,  the  greatest  possible  care  should  be 
used  in  the  selection  of  the  materials,  mixing,  and  placing,  to  insure 
strength  and  compactness  and  a  reasonably  close  agreement  of  the 
modulus  of  elasticity  with  the  value  assumed  for  it  in  designing. 

Considere  gives  the  economic  proportion  of  steel  to  concrete  in 
cross-section  at  2.5  per  cent,  for  static  loads,  and  1.2  per  cent,  for 
moving  loads,  and  points  out  that  there  is  no  economy  and  some  dan- 
ger in  using  more  than  3  and  2  per  cent,  respectively,  the  danger 
being  due  to  the  excess  of  steel,  which  would  cause  the  beam  to  fail 
first  by  compression*  of  the  concrete  and  therefore  without  warning. 

There  is  not  much  to  be  gained  by  using  steel  in  the  compression 
side,  except  for  beams  continuous  over  three  or  more  supports,  or 
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constrained  at  the  ends.  In  which  cases  they  should  be  designed  as 
continuous  beams,  with  steel  in  both  sides. 

While  the  formulas  and  examples  here  given  are  thought  to  be 
sufficient  to  meet  the  requirements  of  designers  and  constructors  for 
proportioning  and  calculating  reinforced  concrete  beams,  it  is  not,  in 
any  sense,  a  complete  exposition  of  the  theory  of  flexure  in  rein- 
forced concrete.  The  purpose  of  this  book  does  not  permit  of  a  treat- 
ment of  this  subject  even  approximately  complete,  and  those  readers 
who  desire  to  pursue  further  the  theoretical  discussion  are  referred 
to  standard  text-books  and  professional  papers,  such  as  those  of  Con- 
sidere,  translated  by  Mr.  L.  S.  Moisseiff;  Christophe,  Lefort,  Harcl 
de  la  Noe,  Resal,  Von  Emperger,  "Resistance  of  Materials,"  by 
W.  H.  Burr,  J.  B.  Johnson,  Edwin  Thacher,  L.  C.  Wason,  A.  L. 
Johnson,  and  especially  recent  papers  and  discussions  in  the  Journal 
of  the  \\'estern  Society  of  Engineers  by  Prof.  A.  X.  Talbot,  Mr.  J.  J. 
Harding  and  Mr.  T.  L.  Condron  and  by  Prof.  \V.  K.  Hatt  in  the 
Engineering  Review  of  Purdue  University  for  1905.  All  of  the 
above  have  been  reviewed  in  the  preparation  of  this  chapter.  Bul- 
letins Nos.  I  and  4,  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  are  most  valuable  contributions  to  this  subject. 

Tables  X  to  XIII,  inclusive,  are  taken  from  a  paper  by  Mr.  Edwin 
Thacher.  They  can  be  used  with  confidence,  and  will  be  found  of 
great  assistance  in  fixing  trial  sections,  even  by  those  who  prefer  to 
use  other  formulas. 


CHAPTER   HI.— COLUMNS. 

The  results  of  a  scries  of  tests  on  reinforced  concrete  columns 
made  at  the  Massachusetts  Institute  of  Technology  are  given  in  Ta- 
ble XIV.  The  columns  were  8X8  ins.  and  10X10  ins.  square  and 
reinforced  with  either  one  or  four  ro<ls  parallel  with  their  axes. 
Where  one  rod  was  used  it  was  placed  in  the  center  of  the  cross- 
section,  and  where  four  rods  were  used  they  were  so  disposed  as  to 
form  a  square  4X4  ins.  for  the  SX^-in.  columns  and  5X5  ins.  for  the 
loXio-in-  columns,  and  parallel  to  that  of  the  column  section.  The 
concrete  was  proportioned  i  of  cement  to  3  of  sand  and  6  of  stone, 
two-thirds  of  the  latter  being  i  in.  and  one-third  Yi  in.  in  size.  The 
columns  were  cast  in  a  vertical  position  and  tested  in  a  horizontal 
machine.    The  tensile  strength  of  the  plain  bars  or  rods  was  from 
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56,000  lbs.  to  63,000  lbs.,  and  that  of  the  twisted  rods  about  80,000  lbs. 
per  square  inch.    The  notation  used  is 

P=/(A„i  eA^)^=comprtaMyt  strength  of  section; 

/—crushing  strength  of  concrete; 
^,=area  of  section  of  concrete; 
.4.— area  of  section  of  steel; 

e    — ,  where  iE".— modulus  of  elasticity  of  the  steel  and  ^o=modulus  of  elas- 

ticity  of  the  concrete. 

The  numerical  value  of  the  constants  that  have  been  used  in  coco- 
puting  the  values  of  P  by  the  fomrala  are  the  averages  of  this  series 
of  tests,  viz.: 

J5r,=28,ooo,ooo  and  £"^=3,400,000,  therefore  ^=8.23;»/=i,75o  lbs.  per  square 
inch. 

The  values  of  P  have  been  computed  in  order  that  the  reader  may 
be  enabled  to  compare  them  with  the  actual  breaking  loads. 

The  results  of  the  experiments  given  in  Table  XIV  have  been 
compared  for  this  work  in  Table  XV,  so  as  to  show  the  ratio  of 
length  to  diameter,  the  breaking  load  per  square  inch  of  cross-section 
and  per  square  inch  of  the  equivalent  section  where  the  area  of  the 
metal  reinforcement  is  multiplied  by  the  ratio  of  E»  divided  by  E 
or  r.  This  will  facilitate  the  comparison  of  these  results  with  those 
of  other  experiments. 

Attention  is  called  to  the  notes  on  manner  of  failure  in  Table 
XIV,  which  indicate  that  only  numbers  2  and  3  developed  column 
flexure,  and  from  Table  XV  these  are  seen  to  haTc  a  ratio  of  IJd  of 
25.5  and  18  respectively.  Out  of  six  columns  with  a  ratio  of  25.5 
for  l/d,  only  one  developed  flexure;  and  out  of  eleven  columns  with 
a  ratio  of  18  or  over  for  //rf,  only  two  developed  flexure.  No  column 
with  a  ratio  of  less  than  18  for  \/d  showed  any  flexure.  This  agrees 
very  well  with  the  experiments  with  iron  and  steel  columns,  which 
usually  fail  by  direct  compression  or  crushing  for  lengths  less  than 
twenty  or  twenty-five  times  the  least  diameter,  and  by  flexure  for 
greater  lengths. 

In  Table  XVI  these  results  have  been  grouped  according  to  the 
ratio  of  the  length  to  the  diameter,  with  the  averages  of  the  breaking 
load  per  square  inch  of  the  cross-section  and  the  per  cent  variation 
from  the  average  breaking  load  per  square  inch  of  all,  and  also  with 
the  averages  of  P  divided  by    {A^-\-eA^    and  its  per  cent,  variation 

♦Watertown  Arsenal  tests  of  1904  show  that  for  early  loads  on  rich  mix- 
tures, <r— 2.8;  for  loads  just  before  the  failure  of  the  concrete  on  lean 
mixtures,  e^zZZ-  Generally,  for  loads  of  600  lbs.  per  sq.  inch  on  column, 
r=6.4  to  12.3. 
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from  the  average  of  all.  It  is  apparent  from  these  results  that  the 
total  variations  as  well  as  the  maximum  variations  from  the  average 
are  greater  for  the  breaking  loads  per  square  inch  of  total  cross- 
section  than  for  the  total  breaking  load  divided  by  {A^-^eA^j.  With- 
out some  identical  tests  of  concrete  columns  not  reinforced  it  is  dif- 
ficult to  show  the  exact  value  of  the  reinforcement  by  these  tests.  If, 
however,  those  columns  that  have  ratios  of  length  to  diameter  of  7.2, 
9.0,  20.4,  and  25.5  are  compared,  it  will  be  seen  that  the  agreement 
with  the  formula  P=^f{A^^eA^  is  very  good.  Also  that  the  aver- 
age of  columns  with  l/d=^\\.^  is  19.7  per  cent,  above,  and  of  the 
columns  with  ^/J=i8.o  it  is  19.9  below  the  average  of  all,  and  there- 
fore the  average  of  these  two  groups  taken  together  is  only  o.i  per 
cent,  below  the  average  of  the  21  experiments.  It  is  further  evi- 
dent from  these  results  that  for  all  practical  purposes  no  formula  for 
flexure  is  required  for  columns  not  longer  than  25  diameters,  and  as 
no  experiments  are  known  to  have  been  made  with  columns  of  a 

Table  XV. — Comparisok  of  Results  of  Experiments  Given  in 

Table  XIV. 
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71.23 

126,000 

1,970 

1,770 

18.0 

5 

64 

1. 00 

8.23 

71.23 

138,000 

2,160 

1,940 

9.0 

6 

64 

1. 00 

8.23 

71.23 

i33»ooo 

2,080 

1,870 

9.0 

7 

64 

1.56 

12.84 

75.28 

136,000 

2,125 

1,810 

25.5 

8 

64 

1.56 

12.84 

75.28 

154,000 
182,000 

2,410 

2,040 

25.5 

9 

64 

2.25 

18.52 

80.27 

2,840 

2,270 

25.5 

10 

64 

2.25 

18.52 

80.27 

167,000 

2,610 

2,080 

25.5 

II 

64 

2.25 

18.52 

80.27 

147,000 

2,300 

1,830 

18.0 

12 

^4 

2.25 

18.52 

80.27 

153.000 

2,390 

1,910 

18.0 

13 

64 

4.00 

32.92 

92.92 

158,000 

2,470 

1,700 

9.0 

14 

64 

4.00 

32.92 

92.92 

244,000 

3,810 

2,620 

9.0 

i| 

100 

1. 00 

8.23 

107.23 

215,000 

2,150 

2,000 

20.4 

16 

100 

1. 00 

8.23 

107.23 

200,000 

2,000 

1,870 

7.2 

^l 

100 

1. 00 

8.23 

107.23 

228400 

2,284 

2,130 

7.2 

18 

100 

1.56 

12.84 

III. 28 

262,000 

2,620 

2,360 

14.4 

19 

100 

1.56 

12.84 

III. 28 

257,000 

2,570 

2,310 

14.4 

20 

100 

2.25 

18.52 

116.27 

300,000* 

3,000* 

2,580* 

14.4 

21 

100 

2.25 

18.52 

116.27 

274,000 

2,740 

2,360 

14.4 

Averj 

ige  of  2 

ill 

2,369 

2,006 

*Did  not  break;  exceeded  capacity  of  machine.     tBuckled. 
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greater  ratio  of  length  to  diameter,  there  are  no  data  by  which  such 
a  formula  can  be  verified. 

This  does  not  seem  to  be  a  matter  of  much  practical  importance, 
since  the  cases  that  occur  in  practice  requiring  columns  longer  than 
25  diameters  are  very  rare,  and  until  more  is  known  concerning  the 
subject  it  would  be  well  to  limit  the  lengths  of  all  concrete  columns, 
either  with  or  without  reinforcement,  to  25  diameters,  and  for  im- 
portant works  or  in  cases  of  severe  loading  to  20  diameters  or  even 
less.  As  the  length  of  columns  in  classic  architecture,  including  both 
base  and  capital,  rarely  if  ever  exceeds  one-half  of  the  above  limits, 
an  unsupported  length  of  25  diameters  for  concrete  columns  seems  to 
be  long  enough  for  all  practical  cases. 

Finally,  for  concrete  columns  with  or  without  longitudinal  rein- 
forcement, but  not  hooped,  and  not  exceeding  25  diameters  in  length, 
the  ultimate  strength  may  be  taken  at  2,000(^0 -f^-^t)- 


Table  XVI.- 


-Results  op  Table  XV  Arranged  According  to  Ratio  or 
Length  to  Diameter. 


Ratio  of 
Length  to 
Diameter 

Column  Numbers. 

(Average). 

Per  Cent.        p.  (a    .*^  \  l  Per  Cent. 

Variation     '      (/^^^il^*^     Variation. 

from  Mean.         (Average).      ^^^^  ^^^ 

7.2 
9.0 

14.4 
18.0 
20.4 

25.5 

16,17 

5, 6. 13, 14 

18, 19, 20, 21 

1.2,7,8,9,  10 

2142.0 
2630.0 

2732.5 
2055.0 
2150.0 
2273  3 

—  9.60 
+  10.10 

+15.30 
—13.2s 

—  9.2s 

—  4.04 

2,000 
2,032 
2,402 
1,727 
2,000 
1.913 

—  0.30 
+    1.30 
+  19.70 

—19.90 

—  0.30 
-4.64 

All 

2369.0 

2,006 

/=2,oo6  is  14.6  per  cent,  higher  than  the  value  assumed  for  the  calcu- 
lation of  the  values  of  P  in  Table  XIV,  and  only  2.76  lower  thaa 
the  value  given  in  Table  L  This  seems  to  detract  from  the  value 
of  this  series  of  experiments,  as  to  the  accuracy  of  the  values  given 
for  /  and  e. 

As  such  columns  fail  suddenly  and  with  little  or  no  warning,  a 
safety  factor  of  4  to  6  should  be  used,  depending  upon  the  conditions 
of  loading  and  importance  of  the  work.  The  safe  working  loads  may 
then  be  placed  at  500(^0 -^  ^^i)  to  say  350(^0  ^  ^-^J- 

It  appears  from  the  comparison  of  Tables  XIV  and  XV,  that  a 
reinforcing  rod  in  the  center  is  just  as  efficient  as  any  other  distribu- 
tion of  longitudinal  reinforcement,  and  it  is  much  the  most  convenient 
in  construction.  This,  however,  is  only  true  for  columns  under  25 
diameters  in  length,  perfectly  centered,  and  not  loaded  eccentrically. 

Table  XVII  shows  the  results  of  European  experiments  on  con- 
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Crete  columns  and  prisms  reinforced  with  wire  hooping  wound  in 
the  form  of  a  spiral,  and  compared  with  other  columns  and  prisms 
without  the  hooping,  but  otherwise  identical.  This  table  has  been  ar- 
ranged from  Considere's  paper  translated  by  Mr.  Leon  S.  Moissciff. 
Those  numbered  i  to  6  inclusive  were  made  by  M.  Considere,  7  to 
12  inclusive  were  made  by  MM.  Considere  and  Hennebique,  and  13 
to  22  inclusive  were  made  at  Quimper.  Number  i  was  reinforced  by 
wire  hooping  and  8  longitudinal  wires  or  rods,  while  number  2  was 
identical  with  number  i,  except  that  it  was  not  reinforced  in  any 
direction.  The  results  indicate  that  the  hooping  increased  the  resist- 
ance by  more  than  four  times,  or  from  2,240  lbs.  per  square  inch 
for  number  2  to  9,150  lbs.  per  square  inch  for  number  i.  Number  3 
stood  6,260  lbs.  per  square  inch,  but  M.  Considere  says  the  concrete 
was  not  so  good. 

Numbers  4,  5,  6,  Table  XVII,  are  experiments  on  hollow  cylindri- 
cal sections,  numbers  4  and  5  being  hooped  and  number  6  without 
hooping.  As  might  have  been  expected,  it  is  seen  that  the  hooping 
does  not  improve  a  hollow  section,  because  it  fails  by  crushing  in- 
wardly, unless,  as  M.  Considere  points  out,  the  hollow  core  is  very 
small. 

Of  the  series  of  six.  numbers  7  to  12,  the  first  was  not  reinforced, 
and  the  last  was  reinforced  by  longitudinal  rods  tied  together  with 
bands  of  iron  wire,  0.17  in.  in  diameter,  and  3.15  ins.  center  to  center 
of  bands.  Numbers  8  and  9  were  hooped,  while  numbers  10  and  11 
were  reinforced  both  by  hooping  and  longitudinal  rods. 

Number  7,  not  reinforced,  broke  suddenly  at  1,050  lbs.  per  square 
inch  and  number  12  also  broke  suddenly  at  2,420  lbs.  per  square  inch. 
It  appears  probable,  from  a  comparison  with  the  other  tests,  that  the 
wire  bands  had  more  effect  on  the  ultimate  resistance  than  the  longi- 
tudinal rods. 

Numbers  8  and  Q  were  reinforced  with  spiral  hooping  only,  the 
former  failing  between  the  spirals  at  a  pressure  of  5,120  lbs.  per 
square  inch,  and  the  latter  resisting  5,400  lbs.  per  square  inch  without 
failure.  As  the  pitch  of  the  spiral  of  number  8  was  1.18  ins.  and  that 
of  number  9  only  0.59  in.,  or  \i  and  -^  of  the  diameters,  respectively, 
and  as  the  pitch  of  the  spirals  of  numbers  i  and  3  were  about  J^ 
and  1/8.6  of  the  respective  diameters  of  the  prisms,  it  is  clearly  in- 
dicated, as  far  as  these  series  of  experiments  go,  that  the  pitch  of 
the  spirals  should  not  exceed  ]'i  of  the  diameter  of  the  column.  Con- 
sidere recommends  a  pitch  of  X  to  ^-^  the  diameter. 

Numbers  10  and  11  failed  by  "column  pressure,"  according  to  Con- 
sidere, at  4,550  and  4,700  lbs.  per  square  inch,  respectively.  As 
these  columns  only  had  a  length  of  8.67  diameters,  it  is  difficult  to 
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account  for  their  failure  in  this  manner,  in  view  of  the  results  of  the 
American  experiments  given  in  Table  XIV.  Considere  finds  that 
hooping  does  not  greatly  increase  the  resistance  to  column  flexure, 
and  that  the  modulus  of  elasticity  is  quite  different  for  the  two  sides 
of  a  column  under  flexure  due  to  the  conditions  existing, — the  com- 
pression being  increased  on  one  side  and  simultaneously  relieved  or 
'^unloaded"  on  the  other,  the  modulus  for  the  latter  condition  being 
about  double  that  for  the  former.  This  may  be  a  sufficient  cause  for 
the  failure  by  flexure  of  the  two  out  of  the  three  columns  having  a 
length  of  8.67  diameters,  and  the  third  one  not  being  hooped  failed 
by  crushing  at  little  over  half  the  load  that  caused  failure  by  flexure 
in  the  other  two.  If  this  is  a  true  explanation  it  is  remarkable  that 
only  two  out  of  the  21  tests  of  Table  XIV  having  lengths  of  from  y,2 
to  25.5  diameters  developed  flexure,  and  these  two  were  18  and  25.5 
diameters  in  length. 

Considere  also  records  flexure  in  three  other  similar  columns  of 
the  same  dimensions,  at  from  5,000  to  7,000  lbs.  per  square  inch,  al- 
though he  does  not  state  that  they  were  tested  to  destruction  or  that 
they  failed  by  flexure.  In  view  of  conflicting  results  of  the  more  ex- 
tensive American  experiments,  these  results  and  theories  of  M.  Con- 
sidere can  hardly  as  yet  be  accepted  as  a  basis  for  practical  construc- 
tion. Since  in  practice  the  safe  working  loads  would  never  be  half 
enough  to  induce  flexure  in  a  concrete  column  under  20  or  even  25 
diameters  in  length,  the  question  is  not  a  serious  one  in  practical 
work. 

The  idea  of  hooping  a  concrete  column  was  suggested  by  the  g^eat 
resistance  of  sand  when  confined.  The  familiar  pyramidal  form  of 
failure  in  cubes  of  stone  tested  to  destruction  also  points  to  the  value 
of  hoops,  although  recent  experiments  have  shown  that  the  pyramidal 
form  is  due  to  the  friction  on  the  plates  through  which  the  pressure 
is  applied.  When  this  friction  is  reduced  to  a  minimum  by  lubrica- 
tion, it  is  found  that  the  cubes  fail  along  surfaces  parallel  to  the  line 
of  pressure. 

Following  out  this  idea  the  series  of  tests  numbered  13  to  22  in 
Table  XVII,  made  in  1901,  show  that  wire  hooping,  constituting  from 
2  to  4  per  cent,  of  the  volume  of  the  small  mortar  prisms,  increased 
the  resistance  from  four  to  nine  times  that  of  identical  prisms  not 
reinforced.-  Prisms  13,  14,  15,  18,  19,  and  20  had  675  lbs.  of  cement 
per  cubic  yard  of  sand,  and  the  others,  16,  17,  21,  and  22,  730  lbs.  of 
cement  per  cubic  yard  of  sand.  Numbers  13  and  18  were  tested  at 
8  days  old,  14  and  19  at  14  days,  15  and  20  at  22  days,  16  and  21  at 
23  days,  and  numbers  17  and  22  at  100  days  old. 

These  tests  indicate  that  the  hooping  is  of  more  relative  advantage 


84  REINFORCED   CONCRETE. 

to  th«  poorer  mortars  or  concretes  than  to  the  richer  ones,  or  that  it 
is  not  necessary  to  use  very  rich  concrete  for  hooped  columns.  This 
is  a  result  that  would  naturally  be  expected  and  it  has  been  verified 
by  •other  tests  and  by  theory. 

Considere  gives  the  value  of  the  hooping  at  2.4  times  that  of  an 
equal  amount  of  metal  in  longitudinal  reinforcing  rods.  A  compari- 
son of  numbers  13  to  17  with  numbers  18  to  22,  inclusive,  of  Table 
XVII,  shows  that  the  increased  strength  per  square  inch  due  to  hoop- 
ing is  equal  to  from  2.1  to  3  times  the  product  of  the  elastic  limit 
of  the  steel  multiplied  by  the  ratio  of  the  volume  of  steel  to  volume 
of  concrete. 

If  An=ihe  area  of  cross-section  of  an  amount  of  metal  equivalent 
to  the  hooping,  arranged  as  longitudinal  rods,  then  the  entire  strength 
of  a  reinforced  concrete  column  with  steel  hooping  may  be  written  as 

If  y=--the  elastic  limit  of  the  metal,  we  would  have,  according  to 
Considere, 

P  /A,  f-  r(^.-t  2.4^,). 

where  /  is  the  ultimate  compressive  strength  of  the  concrete. 

If  the  longitudinal  rods  have  an  elastic  limit  of  V,  and  the  hooping 
an  elastic  limit  of  Y\  there  would  result 

P-/A,^  yA,-\2.Ay'A^. 

The  tests  numbers  8  and  9  of  Table  XVII  would  seem  to  indicate 
that  the  longitudinal  reinforcing  rods  might  be  omitted  in  hooped 
columns,  since  their  value  is  only  40  per  cent,  of  the  value  of  an 
equivalent  amount  of  metal  used  in  hooping.  But  tests  10  and  11, 
with  the  longitudinal  ro<is,  did  not  crack  or  chip  until  the  pressure 
per  square  inch  amounted  to  2,900  and  3,360  lbs.,  while  8  and  9 
cracked  at  1,730  apd  2,480  lbs.  per  square  inch,  and  soon  after  began 
to  chip.  It  is  therefore  desirable  to  retain  the  longitudinal  reinforcing 
rods  in  connection  with  the  spirals  of  hooped  columns,  and  especially 
so  when  the  ratio  of  length  to  diameter  is  large.  It  is  important,  as 
before  stated,  to  keep  the  pitch  of  the  spiral  below  ^  or  ^  of  the 
column  diameter. 

As  hooped  columns  do  not  fail  suddenly,  but  crack  and  chip  under 
loads  of  from  yi  to  2/i  of  their  ultimate  strength,  it  will  be  safe  to  use 
with  them  somewhat  higher  working  stresses  or  lower  safety  factors. 
Safety  factors  of  3J^  to  5,  giving  working  stresses  of  900  to  1,300  lbs. 
per  square  inch,  will  cover  the  range  of  conditions  for  well-made 
hooped  concrete  columns. 
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CHAPTER  IV.— RETAINING-WALLS,  DAMS,  TANKS,  CON- 
DUITS,  AND   CHIMNEYS. 

RETAINING-WALLS. 

The  usual  form  of  retaining-wall  in  which  the  earth  pressure  is 
resisted  by  the  moment  of  the  weight  of  the  wall  about  the  center 
of  the  resultant  of  reactions  on  the  base,  called  the  righting  moment 
of  the  wall,  is  dependent  for  stability  on  the  weight  of  the  wall  and 
is  called  a  gravity  wall.  In  such  a  wall,  whether  built  of  brick,  stone, 
or  concrete,  there  would  be  nothing  to  gain  in  stability  by  reinforcing 
it  with  steel.  In  cases  of  very  long  walls,  especially  when  built  of 
concrete,  cracks  due  to  thermal  changes  and  other  secondary  causes 
are  apt  to  occur  at  intervals,  and  these  can  be  prevented  by  reinforc- 
ing the  wall  with  longitudinal  steel  bars  or  rods.  The  determination 
of  the  proper  amount  of  reinforcement  to  use  for  this  purpose  and  its 
disposition  will  be  given  in  the  succeeding  section  on  Dams. 

The  principles  involved  in  the  economic  application  of  reinforced 
concrete  to  the  construction  of  retaining-walls  are,  first,  the  utilization 
of  the  capacity  of  the  concrete-steel  combination  to  resist  bending 
moments  due  to  transverse  loading,  acting  as  cantilever  and  supported 
beams,  thus  permitting  the  use  of  small  sections  with  only  a  fraction 
■of  the  amount  of  material  required  for  a  gravity  wall,  and,  second, 
the  substitution  of  a  weight  of  earth  on  the  base  or  footing,  costing 
practically  nothing,  for  the  weight  of  expensive  masonry  omitted,  to 
resist  the  overturning  moment. 

Plane  Walls. — The  most  simple  form  of  the  reinforced  concrete 
retaining-wall,  illustrated  in  Fig.  24,  consists  of  a  base,  EFGH,  to 
which  is  rigidly  connected  the  vertical  part  of  the  wall  ABCD,  which 
latter  acts  as  a  cantilever  beam  fixed  at  CD. 

The  projecting  portions  of  the  base  also  act  as  cantilevers^  the 
part  projecting  in  front,  or  the  toe,  loaded  by  the  upward  pressure 
of  the  reaction  and  the  portion  projecting  behind  the  wall,  or  the 
heel,  loaded  by  the  downward  pressure  of  the  weight  of  material  filled 
in  above  it.  Therefore  the  base  will  require  transverse  reinforcement 
both  in  the  top  and  in  the  bottom,  and  the  part  ABCD  vnW  require 
vertical  reinforcement  in  the  back.  As  the  moment  is  maximum  at 
the  plane  CD  and  zero  at  AB,  the  section  of  the  wall  may  taper  to  the 
minimum  practical  thickness  at  the  top  and  be  finished  with  a  coping 
when  desired. 

When  the  true  angle  of  repose  ^  of  the  material  behind  the  wall 
is  known  the  determination  of  the  thrust  is  a  simple  matter,  but  this 
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angle  of  repose  is  not  often  known  with  any  considerable  degree  of 
accuracy.  It  may  have  any  value  between  zero  for  hydrostatic  pres- 
sure to  90°  for  solid  rock.  A  material  in  which  ^  is  30°,  or  even 
45°,  may  be  so  changed  by  becoming  saturated  with  water  that  ^ 
would  become  zero  or  nearly  so.  Even  if  a  wall  were  built  against 
a  bank  of  solid  rock  a  thin  vertical  sheet  of  water  collecting  between 
the  wall  and  the  rock  would  produce  hydrostatic  pressure  on  the  wall. 
For  these  reasons  any  retaining- wall  to  be  successful  must  be  pro- 
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Fig.  24. — Diagram  of  Thrusts  and  Moments  on  Retaining-walls. 

vided  with  ample  drainage  to  prevent  the  accumulation  of  water  be- 
hind it  and  it  must  be  designed  to  resist  the  pressure  due  to  the 
minimum  angle  of  repose  that  can  obtain  under  any  conditions  in  the . 
material  to  be  retained,  or  else  it  must  be  designed  for  hydrostatic 
pressure  with   ^=zero. 

Let  Pj=tht  thrust  from  the  material  behind  the  wall  in  a  direc- 
tion parallel  to  the  surface  of  the  bank,  the  horizontal  component  of 
the  resultant  of  which  acts  at  a  height  x-r-^  above  the  base.  Let  jr=^ 
the  height  of  the  wall  HK,  Fig.  24,  and  Ti'=the  weight  of  a  unit  of 
volume  (i  cu.  ft.)  of  the  material  behind  the  wall.    Then 
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„        W3^  ^  COS  G  —  V^COS*  0  —  COS*  ^  .    . 

7'^=---cosO 7= - (0 

'         2  COS  G  4-  V  COS*  0  —  cos^  ^ 

If  the  surface  slopes  at  the  angle  of  repose,  that  is,  if  the  angle 
of  surcharge  is  the  angle  of  natural  slope,  0=^,  and 

Py  =  — -  cos  ^ (2) 

If  the  surface  is  horizontal,    0=zero,  and 

'■.-(?)-{s-::f*) <3' 

The  value  of  the  functions  used  in  equations  (2)  and  (3),  which 
apply  to  most  cases  met  in  practice,  and  for  values  of  <j>  from  zero 
lo  60**  are  given  in  Table  XVIII. 


Table  XVIII. — Value  of  Functions  Used  in  Equations  (2)  and  (3). 


Slope  = 

I  on  6 

I  on  2 

2  on  3 

I  on  I 

0  = 

0 

9^28' 

15" 

26^34' 

30° 

33°  42' 

45° 

6o* 

sin  0  = 

0 

0.164 

0.259 

0.447 

0.500 

0.555 

0.707 

0.866 

cos  q>  = 

I 

0.986 

0.966 

0.894 

0.866 

0.832 

0.707 

0.500 

/I  —  sin  (p\ 
\  X  -h  sin  0/  " 

I 

0.718 

0.588 

0.382 

0.333 

0.286 

0.172 

0.072 

The  horizontal  component  of  the  thrust  P^  for  a  length  unity  is 
RS'=P=Pj  cos  6.  Therefore  when  0=0,  cos  6=1,  and  P=Pj, 
When  6'=(J,   F^=P,=the  weight  of  the  prism  HKN. 

It  is  clear  that  0  can  never  be  greater  than  ^  unless  the  slope  is 
held  in  place  by  cribs  or  some  equivalent  device. 

The  line  of  action  of  P,  the  horizontal  component  of  the  resultant 

thrust,  will  intersect  the  vertical  through  H  at  R,  where  HR=^. 

Let  the  weight  of  a  unit  of  length  of  ABCD,  EFGH,  and  BCHK= 
IV=YV,  and  find  the  horizontal  distance,  YR,  of  the  vertical  through 
their  common  center  of  gravity  from  the  plane  HK.  Then  the  result- 
ant on  the  foundation  will  be  yJP'^+W^  and  it  will  intersect  the  lower 
surface  of  the  base  at  a  distance  G — q=YR-\-{RG'P-^lV)  in  front  of 
the  plane  GHK.  Then  the  righting  moment  (IVvq)  will  be  equal 
to  the  overturning  moment  (PRG). 
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The  overturning  moment  at  the  section  DC  will  be  {PRH),  The 
bending  moment  on  the  wall  at  DC  will  be  A/=Pjr-T-3.  The  downward 
moment  on  the  heel  of  the  base  will  be  the  weight  of  the  prism  CIKH 
multiplied  by  one-half  the  length  of  the  heel  CH,  It  will  be  near 
enough  and  on  the  side  of  safety  to  design  the  heel  to  resist  the 
downward  moment,  but  to  find  the  resultant  moment  on  the  heel  the 
difference  between  the  downward  moment  and  the  upward  moment 
due  to  the  part  of  the  reaction  that  comes  on  the  heel  should  be 
taken. 

To  find  the  intensities  of  the  pressure  on  the  base,  let 

b=vfidth  of  the  base. 
ff^'=the  vertical  component  of  the  reaction  acting  through  q, 

/=lever  arm  between  q  and  the  center  of  figure  of  the  base= 
Gq — 6/2. 

^=the  average  intensity  of  pressure  on  the  base. 
^'=the  maximum  intensity  of  pressure  on  the  base. 
/>"=the  minimum  intensity  of  pressure  on  the  base. 

Then  for  a  length  unity,  the  average  intensity  of  pressure  on  the 
base  will  be  ff=W-z-b;  the  maximum  intensity  at  the  outer  edge  of 
the  toe,  F,  will  be 

^  =  (^/-:-^-f-(^v/_.^J ^^j 

and  the  minimum  intensity  at  the  inner  edge  of  the  heel,  G,  will  be 
^=H^/-^)-(pf-//^^j (5) 

When  l=b/6,  p'  will  equal  2p  and  />"  will  be  zero.  When  I  is 
greater  than  i/6  of  6,  ^"will  be  negative  and  the  heel  wiU  have  a 
tendency  to  lift.  In  the  latter  case  if  the  ultimate  crushing  resistance 
of  the  material  under  the  toe  is  exceeded  the  wall  will  overturn. 

Let  the  length  of  the  lines  p'  and  p''  in  Fig.  24  represent  these  in- 
tensities of  pressure  and  complete  the  figure  FfgG,  then  will  the 
length  of  the  intercepts  of  the  ordinates  within  that  figure  represent 
the  intensities  of  pressure  at  every  point,  and  the  half  sum  of  the  in- 
tercepts at  any  two  points  will  represent  the  average  pressure  between 
those  points. 

Fmd  the  horizontal  distance  of  the  center  of  gravity  of  that  part 
of  the  figure  FfgG  that  is  vertically  under  ED,  from  the  vertical 
through  D,  and  multiply  it  by  the  average  pressure  between  E  and  D 
and  by  the  length  of  the  toe  ED.  This  product  will  be  the  moment 
on  the  toe  of  the  base.  If  the  upward  moment  of  the  heel  of  the  base 
is  desired  it  may  be  found  in  the  same  manner. 

By  graphical  statics  the  thrust  is  easily  found  as  follows:    Draw 
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a  vertical  HK  from  the  inner  edge  of  the  base  EH  and  lay  off  HM 
at  the  natural  angle  of  repose,  0.  Bisect  the  angle  of  KHM  by  the 
line  HL,  which  is  the  plane  of  fracture  that  satisfies  the  condition  of 
maximum  thrust  and  overturning  moment,  and  the  angle  KHL  will 
be  (90°— ^) -=-2.  Lay  off  HR  on  HK,  making  HR^YzHK,  and 
draw  RS  through  R  and  parallel  to  HL.  The  line  RS  will  pass 
through  the  center  of  gravity  of  the  triangle  HKL.  Consider  a  sec- 
tion of  wall  and  of  filling  behind  it  of  a  length  unity.  The  weight  of 
the  prism  HKL  will  then  be  W=HkxKLX'^-^2, 

With  any  convenient  decimal  scale  lay  off  RT=W"  on  the  vertical 
line  HK  and  draw  the  line  TS  through  T,  parallel  to  the  surface  KL, 
cutting  RS  at  S;  75"  will  then  be  the  measure  of  the  resultant  con- 
jugate pressure  jPj,  which  acts  through  R,  The  horizontal  projection 
of  TS  at  RS'  will  be  the  measure  of  the  horizontal  component  of  the 
conjugate  pressure,  and  the  overturning  moment  in  foot-pounds  will 
be  the  amount  of  this  horizontal  component  in  pounds  by  the  scale  of 
forces  multiplied  by  the  lever  arm  HR  in  feet.  When  the  surface  is 
horizontal,  &==o,  and  RS'=TS.  Find  the  common  center  of  gravity 
of  the  wall  and  of  the  material  contained  between  the  wall  and  the 
vertical  HK,  giving  due  account  to  the  difference  in  the  specific  grav- 
ity of  the  two  elements.  Draw  the  vertical  UV  through  this  common 
center  of  gravity  and  intersect  it  at  Y  with  a  horizontal  line  drawn 
through  R,  On  RY  produced,  lay  off  YZ  equal  to  RS\  and  by  the 
scale  of  forces  lay  off  YV  on  the  vertical  UV  equal  to  the  weight  of 
the  wall  and  the  material  between  the  wall  and  the  vertical  plane 
HK.  Complete  the  parallelogram  of  forces  YZQV,  and  the  diagonal 
YQ  will  then  represent  in  amount  and  direction  the  resultant  pres- 
sure on  the  base.  This  resultant  should  cut  the  lower  side  of  the 
base  within  the  middle  third  of  its  width  or  else  the  maximum  inten- 
sity of  the  pressure  on  the  toe  should  not  exceed  the  safe  compressive 
resistance  of  the  material  on  which  the  wall  is  founded. 

When  the  wall  is  surcharged  with  a  bank  sloping  on  the  line  KN, 
at  an  angle  6  with  the  horizontal,  the  weight  of  the  prism  HKN, 
of  length  unity,  must  be  used  in  laying  off  the  load  RT.  In  other 
respects  the  solution  is  identical.  When  6=  ^,  KN  will  be  equal 
to  HK. 

Having  found  the  moments  on  the  wall  at  the  section  CD,  and  on 
the  base,  the  sections  can  be  readily  proportioned  by  the  equations 
given  in  the  chapter  on  beams.  The  shear  at  CD  should  be  investi- 
gated and  provided  for.  Ekjuation  (81)  of  the  chapter  on  beams  may 
be  used  to  find  the  longitudinal  shear  on  the  vertical  reinforcing  rods 
or  bars  where  they  enter  the  base,  and  the  latter  should  be  made 
thick  enough  to  prevent  the  rods  from  pulling  out,  allowance  being 
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made  for  the  mechanical  bond  where  deformed  rods  are  used.  The 
required  width  of  the  base,  b,  is  generally  found  to  be  from  one- 
quarter  to  one-half  of  the  height  of  the  wall,  x,  depending  on  the 
values  of  ^,  6,  and  «».  In  general  railway  work  it  is  quite  common 
practice  to  make  b=o.4x,  when  the  natural  slope,  ^,  is  2  on  3,  and 
to  make  b=o.4^x  to  0.504:  for  unfavorable  conditions  or  structures  of 
great  importance.  For  reinforced  concrete  walls,  in  which  the  weight 
of  earth  filling  is  substituted  for  the  heavier  masonry  to  make  up  a 
part  of  the  moment  of  stability,  the  base  should  be  somewhat  wider, 
and  for  ordinary  cases  the  value  b=o.^ox  may  be  selected  for  trial 
and  verified  or  adjusted  by  either  of  the  methods  given  above. 

If  the  bank  slopes  from  the  top  of  the  wall  on  the  line  BN\  Fig.  24, 
the  thrusts  Pj  and  P,  and  consequently  the  bending  moment  and  over- 
turning moment,  will  be  the  same,  while  the  righting  moment  will  be 
increased  by  the  weight  of  the  material  between  IK  and  the  slope 
BN\  This  may  be  neglected,  as  it  is  on  the  side  of  safety. 

Example. — Required  a  wall  to  form  the  side  of  a  coal-pocket  18  ft 
high  and  surcharged  at  a  slope  of  6>=^,  the  angle  of  repose,  ^,  be- 
ing 35®  and  the  weight  of  the  coal  55  lbs.  per  cubic  foot  Cos  ^ 
=0.81915,  and  x=i8  ft.    Then 

^,=(55Xi8^)-^2Xo.8i9i5-=7,300  lbs. 
P  =P^  cos   6?=7,30oXo.8i9i5=5,98o  lbs. 

Graphically,  draw  the  vertical  HK,  in  Fig.  25,  through  the  inner 
edge  of  the  heel  and  from  H  draw  HM,  making  an  angle  of  35®  with 
the  horizontal.  Bisect  the  angle  KHM  by  the  line  HN  and  draw 
the  slope  line  KN  parallel  to  HM.  Make  HR=y3X=6  ft,  and  draw 
/^S"  parallel  to  HN,  which  will  pass  through  the  centers  of  gravity 
of  the  triangles  HKL,  KLN,  and  HKN, 

Area  of  /lLA/^=9.33X  10.33-^2=  48.2 
"      "    //XL^.33X  18.00-2=  84.0 


HKN= 


132.2 


\s  a  check  on  the  work,  lay  off  Ha-=i2=}ix  and  draw  the  horizontal 
cutting  RS  at  b.  Lay  off  ch^^YicN  and  draw  hk  horizontal,  cutting 
RS  produced  at  k.  Then  will  b  be  the  center  of  gravity  of  the  tri- 
angle HKL  and  k  will  be  the  center  of  gravity  of  the  triangle  KLN. 
Scale  the  distance  bh  at  10.62  ft.  Then  10.62X48.2-7-132.2=3.87  ft 
Lay  off  bd=^,Sy  ft.  and  d  will  be  the  center  of  gravity  of  the  tri- 
angle HKN. 

The  area  HKN  multiplied  by  55  lbs.  will  be  the  weight  of  the  prism 
I  ft  long,  and  is  132.2X55=7.260  lbs.     With  the  decimal  scale  of 
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forces  make  RT  vertical  equal  to  7,260  lbs.  and  draw  TS  parallel  to 
KN,  cutting  RS  at  S.  TS  will  then  represent  by  the  scale  of  forces 
the  amount  and  direction  of  the  resultant  Py,  the  center  of  action  of 
which  is  through  R,  Drop  a  vertical  from  S,  cutting  the  horizontal 
through  R  at  5";  RS'  will  then  be  the  resultant  horizontal  component 
of  Fy.  and  scales  6,000  lbs. 
Assume  the  foimdation  3.5  ft.  below  the  ground  line  and  try  a 
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Fig.  23. — Graphical  Calculation  of  Plane  Retaining-wall. 

base  2  ft.  thick.  The  top  of  the  base  will  then  be  at  EH',  or  1.5  ft. 
below  the  floor  and  ground  level  at  H  and  the  lever  arm  of  the  re- 
sultant horizontal  component  will  be  RH'=y.$  ft.  The  bending  mo- 
ment of  the  wall  ABCD  at  CD  will  be  6,000X7. 5=45 ,000  foot-pounds. 
Table  X  gives  the  safe  loads  per  lineal  foot  for  beams  i  in.  thick. 
Therefore  for  a  span  of  10  ft.  the  load  per  lineal  foot  for  i  in.  wide 
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that  will  give  a  moment  of  45,000  foot-pounds  for  i  ft  wide  will  be 
i^'=(8X45»«>o)-j-(iooXi2)=3oo  lbs.  By  Table  X  wc  find  that  a 
d*pth  h  of  22  ins.  is  required.  Make  DC=24  ins.  and  AB=^  ins. 
and  AD  vertical.  Try  a  base  11  ft.  long  with  its  center  in  the  plane 
of  the  vertical  face  of  the  wall  AD.  Then  b=n  ft.,  £Z>=5.5  ft.,  and 
CH'=^.^  ft.  Assume  the  weight  of  concrete  at  140  lbs.  per  cubic  foot 
and  calculate  the  weight  and  center  of  gravity  of  the  wall,  base,  and 
filling  over  the  heel  as  follows : 

CIKir,  19.5  ft.X  3.5  ft.X55  lbs.  =3753  lbs.X1.75-  6,567.75 
BCL  19-5  ft.X  i.5ft.-i-2X  55  lbs.--  804  lbs. X4.oo=  3,216.00 
BCm,  19.5  ft.X  1.5  ft.-*-2X  140  lbs.=2,o,V4  Ibs.X4.5o=  9,153.00 
ABmD,  19.5  ft.X  0.5  ft.X  140  lbs.  =1.365  lbs. X 5.25=  7.166.25 
EFGH\   2.0  ft. XI  1.0  ft.X  140  lbs.       =3,080  lbs. X 5.50=  16.940.00 


1 1 ,036  lbs.  X  3.90=43.043.00 

Lay  off  /?K=3.9  ft.  and  from  Y  lay  off  Kr=i  1,036  lbs.  Lay  oft 
VQ  equal  and  parallel  to  S'R,  then  YQ  will  be  the  resultant  on  the 
foundation,  and  its  amount  can  be  found  by  scale  or  by  the  equation 
yQ=V  1 1 .036-4-6,000^=^  1 2,562. 

The  resultant  will  intersect  the  base  at  </,  where  C7 ^=3.90-!- (9.5 
X6,ooo-f-ii,036)=3.9o4-5.i65r^^.o65,   and   /)g=9o65— 5.5=3.565   ft. 

Then  p  =11,036-^11=^1,003+, 

and  /»'=  1,003+ (II, 036X3-565-^20. 17)  =+2,954, 

and  />"=  1,003— (ii,036X3-565-:-20.i7)=—   948, 

from  which  it  is  seen  that  while  the  intensity  of  the  uplift  at  the  ex- 
treme end  of  the  heel  is  less  than  0.5  ton  per  square  foot,  the  maxi- 
mum intensity  of  pressure  at  the  outer  end  of  the  toe  is  less  than  1.5 
tons  per  square  foot,  which  is  well  within  the  allowable  pressure  on 
any  satisfactory  foundation.  The  wall  will,  therefore,  be  safe  from 
overturning,  and  while  the  value  of  />'  would  be  somewhat  increased 
if  there  were  nothing  to  resist  the  uplift  />",  the  frictional  resistance 
of  the  material  filled  in  behind  the  wall  will  be  sufficient  to  balance 
the  uplift  when  the  latter  is  small.  In  this  case  the  total  uplift  w^ill 
be  ( 11X948^3-902) XQ48-^2=  1, 267  lbs.,  while  a  friction  of  20  per 
cent,  of  Pj  is  1,460  lbs.  This,  however,  should  not  be  depended  upon 
to  insure  stability,  and  is  not  in  this  case,  since  without  any  resist- 
ance to  the  uplift,  /)'  would  be  11,036-^(11 — 9.065)  X  f  =3 .802  lbs., 
or  less  than  two  tons  per  square  foot. 

The  resultant  of  the  reaction  on  the  toe  would  be   [(i,O03X5.5X  " 
2.75)  +  (i.95iX5-5X3.^V-^2)]  -f-  [( 1.003X5-5) +  (i, 95 1X2.75)]  =3-2 
ft.  in  front  of  the  plane  AD,  and  its  amount  is  10,882  lbs.     The  mo- 
ment on  the  toe  will  then  be  10.882  nniltiplicd  by  3.2  ft.=34,822.4  foot- 
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pounds.  If  there  is  no  resistance  to  the  negative  reaction,  it  would  be 
nearly  11,036X3-67=40,502  foot-pounds.  Using  the  larger  value,  we 
find  w  of  Table  X  by  the  equation  «;=( 8 X40» 502)-;- (100X12)  =270 
lbs.  per  lineal  foot,  and  Table  X,  by  interpolation,  gives  21  ins.  as  the 
depth  of  beam  required. 

The  shear  on  the  plane  of  CD  is  equal  to  P  and  is  6,000  lbs.,  which 
is  6,ooo-T-( 24X12)  =21  lbs.  per  square  inch,  nearly,  or  only  about 
one-third  of  the  safe  shearing  strength. 

Where  the  vertical  rods  enter  the  base  the  anchorage  required, 
which  must  equal  the  maximum  stress  in  the  rods,  is  equal  to 
Af-i-(v+|^)=45iOooXi2-^i8.45=29,268  lbs.,  v  and  x  being  found 
by  equations  (18)  and  (5)  of  Chapter  II.  If  the  base  is  24  ins. 
thick,  the  surface  of  the  rods  embedded  in  the  base  per  lineal  foot 
of  wall  will  be  254.459  inches, — the  perimeter  of  the  rods  being  10.6 
ins., — ij^-in.  round  rods,  4  ins.  center  to  center.  The  shear  per  square 
inch  of  surface  will  then  be  29,268-7-254.4=115  lbs.  per  square  inch. 
As  the  longitudinal  shear  exceeds  the  limit  of  the  safe  working  value 
of  adhesion,  the  rods  should  be  deformed  or  some  mechanical  bond 
should  be  used. 

If  the  wall  is  very  long  and  maximum  economy  is  sought,  the  cal- 
culations may  be  adjusted  for  a  base  22  ins.  thick,  but  if  this  is  done 
great  care  must  be  used  to  prevent  any  possibility  of  the  vertical  rods 
pulling  out  the  base.  The  length  of  the  heel  and  toe  may  also  be 
adjusted  so  as  to  make  the  bending  moments  the  same  amount  on 
each  and  thereby  give  the  most  economical  proportions. 

While  the  moment  on  the  heel  in  this  case  will  be  much  less  than 
on  the  toe,  for  practical  reasons  it  will  generally  be  preferable  to 
make  the  base  of  uniform  thickness  throughout. 

The  reinforcement  in  the  base  will  consist  of  ij^-in.  round  rods 
254  ins.  above  the  bottom  and  below  the  top,  spaced  4  ins.  on  centers 
in  the  bottom  and  8  ins.  on  centers  in  the  top,  and  all  running  trans- 
versely. 

The  weight  of  the  wall  itself  will  add  to  the  compression  per  square 
inch  on  the  concrete  at  D,  caused  by  the  bending  moment,  an  amount 
proportional  to  its  height.  In  this  case  it  will  be  near  enough  to  take 
this  at  18X140-^144,  or  say  18  lbs.  per  square  inch,  which  may  be 
neglected.  When  the  wall  is  very  high  and  extreme  accuracy  is  de- 
sired this  compressive  stress  due  to  the  weight  of  the  wall  may  be 
considered. 

Wall  with  Counterforts. — Another  form  of  retaining-wall  that  is 
particularly  well  adapted  for  reinforced  concrete  is  that  with  counter- 
forts. By  spacing  the  counterforts  a  considerable  distance  apart,  and 
making  the  wall  between  the  counterforts  no  thicker  than  required 
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for  strength  and  convenience  of  construction,  very  considerable  re- 
duction in  cost  may  be  effected,  especially  where  the  wall  is  high.  In 
this  case  the  overturning  moment  and  the  bending  moment  produced 
by  the  resultant  horizontal  thrust  about  an  axis  in  the  plane  af  the 
top  of  the  base  are  resisted  entirely  by  the  counterforts,  while  the 
wall  between  the  counterforts  acts  as  a  horizontal  beam  or  slab  sup- 
ported by  the  counterforts  and  carrying  a  load  acting  horizontally. 
The  load  on  the  slab  will  decrease  from  the  bottom  to  zero  at  the  top, 
but  will  be  uniformly  distributed  in  the  direction  of  the  length  of  the 
wall.  The  base,  if  it  has  the  same  width  between  as  at  the  counter- 
forts, will  act  as  a  beam  supported  at  the  counterforts  and  loaded 
uniformly  between  them  by  the  upward  reaction.  This  load  will  be 
maximum  at  the  outside  edge  or  toe. 

If  the  counterforts  are  n  feet  apart  center  to  center,  the  thrust  on 
the  counterforts  will  be  nP,  the  resultant  horizontal  thrust  P  having 
been  found  for  a  unit  of  length.  The  moment  on  the  counterfort  will 
be  yinPx, 

The  wall  between  the  counterforts  may  be  considered  in  sections 
of  unit  height,  that  is,  of  x  beams  each  i  iL=i2  ins.  in  breadth.  The 
load  per  lineal  foot  on  these  beams  will  be  2Pr-i-x^,  where  r  is  the 
distance  from  the  center  of  the  section  or  beam  considered  to  the  top 
of  the  wall. 
These  loads  may  be  readily  obtained  graphically  by  a  diagram  con- 
structed as  shown  in  Fig.  26,  which  will  be 
understood  without  further  explanation. 

Example. — Taking  the  same  data  that 
were  used  for  the  previous  example,  where 
it  was  found  that  P=6,ooo  lbs.,  and  assum- 
ing the  counterforts  spaced  10  ft.  apart  on 
centers,  the  thrust  on  each  counterfort  will 
be  60,000  lbs.  and  the  bending  moment  at 
CD  will  be  450,000  foot-pounds. 

Then  by  Table  X  for  a  span  of  16  ft  we 
find  the  load  per  lineal  foot,  w,  for  the 
width  of  b  inches  to  give  an  equivalent 
bending  moment  must  have  the  value  wlr= 
14.062.5  lbs.  If  b  is  23  ins.  the  load  i>er 
lineal  foot  per  inch  of  width  will  be  61 1.4 
lbs.,  which  corresponds  to  a  depth  of  beam 
in  Table  X  of  48  ins.  The  counterforts  may  be  designed  24  ins.  wide 
with  a  depth  CD  of  48  ins.    (see  Fig.  27). 

The  wall  between  the  counterforts  will  then  have  a  clear  span  of 
8  ft.,  but  it  will  be  on  the  side  of  safety  and  possibly  better  practice  to 
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calculate  the  bending  moment  for  a  span  of  lo  ft,  or  the  distance 
center  to  center  of  the  counterforts.  Where  the  maximum  economy  is 
desired  it  would  be  safe  enough  to  use  a  span  of  say  9  ft,  or  say 
I  ft  more  than  the  clear  span. 

The  load  per  square  foot  on  the  lowest  i-foot  section  will  be  2X 
6,oooXi7-5-r-324=648  lbs.  On  the  middle  section  it  will  be  333  lbs. 
and  on  the  top  section  19  lbs.  From  Table  XII  we  find  that  the  wall 
should  taper  from  10  ins.  at  the  bottom  to  4  ins.  at  the  top,  making 
some  allowance  for  the  fact  that  the 
table  gives  the  safe  loadings  for  the 
clear  span. 

The  counterforts  may  taper  from 
48  ins.  at  CD  to  12  ins.  at  ABy  and 
will  be  reinforced  with  5  rods  ij^ 
ins.  diameter  embedded  in  the  con- 
crete parallel  to  the  inclined  sur- 
face. To  provide  for  the  longitudi- 
nal shear  they  should  be  deformed 
to  effect  a  mechanical  bond  with 
the  concrete  and  thoroughly  an- 
chored in  the  base. 

The  reinforcement  of  the  wall 
between  the  counterforts  will  con- 
sist of  rods  placed  horizontally 
about  I  in.  to  lyi  ins.  inside  of 
and  parallel  with  the  front  face. 
These  rods  may  all  be  ^  in.  diam- 
eter and  spaced  3  ins.  center  to  cen- 
ter at  the  bottom  and  9  ins.  center 
to  center  at  the  top,  or  larger  rods 
may  be  used  in  the  bottom  and 
smaller  ones  in  the  top,  so  spaced 
as  to  give  an  equivalent  area  of 
metal.  The  shear  between  the  in- 
termediate sections  of  wall  and  the 
counterforts  should  be  investigated 
and  reinforcement  introduced  if 
necessary,  and  care  should  be  exer- 
cised in  construction  to  insure  a 
good  bond. 

In  this  case  as  the  heel  only  projects  18  ins.  beyond  the  counter- 
forts, from  C  to  H\  the  transverse  rods  in  the  top  of  the  base  may 
be  omitted  and  longitudinal  rods  iti  the  bottom  of  the  heel  substituted. 
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Fig.  27. — Retaining-wall  with  Coun- 
terforts. 
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Six  rods  1%  ins.  in  diameter  will  be  sufficient.  Longitudinal  rods  in 
the  top  of  the  base  will  be  required  to  resist  the  bending  due  to  the 
upward  reaction  of  the  foundation  between  the  counterforts. 

The  weight  of  10  lin.  ft.  of  the  wall  with  counterforts  will  be  (1+4) 
~2X2Xi9-5=97-5  cu.  ft.:  (0.33+0.83 > -^2X8X1 9- 5=90-5  cu.  ft; 
97-5+90-5=i88  cu.  ft.;  188X140^-26,320  lbs. 

The   weight  of  the  filling  over  the  heel   behind  the  wall   will  be 

(5.5XIOXI9-5)— 188=884.5  cu.  ft.,  884.5X55=48,647.5»  ^^X  48.650 
lbs. 

The  weight  of  the  base  is  2X11X^0X140=30,800  lbs.  and  the 
total  weight  on  the  foundation  will  be  26,320+48,650+30300=^ 
105,770  lbs.  or  10,577  ^^s.  per  lineal  foot,  against  11,036  lbs.  in  the 
previous  example. 

The  difference  being  less  than  5  per  cent.,  it  will  not  be  necessary 
10  recalculate  the  resultant  pressures  on  the  foundation. 

Assuming  that  the  reaction  is  transferred  longitudinally  to  the 
counterforts  by  that  part  of  the  width  of  the  base  only  which  is  un- 
der and  covered  by  the  counterforts,  and  dividing  10.577  by  48  ins., 
the  width  of  the  portion  assumed  to  carry  the  load,  we  get  220  lbs. 
per  lineal  foot  per  inch  width  of  beam.  From  Table  X  for  a  span  of 
10  ft.  we  find  that  a  beam  19  ins.  deep  is  required,  but  our  base  is  24 
ins.  deep,  which  gives  a  good  margin  of  safety.  The  longitudinal  re- 
inforcement in  the  top  of  the  base  will  then  consist  of  twelve  round 
rods  1%  ins.  in  diameter. 

The  material  required  to  build  10  lin.  ft.  of  the  wall  with  counter- 
forts will  be  15.11 1  cu.  yds.  of  concrete  and  2,691.1  lbs.  of  rods,  while 
the  wall  without  counterforts  will  require  17.176  cu.  yds.  of  concrete 
and  3,488.4  lbs.  of  rods.  This  shows  a  saving  in  favor  of  the  wall 
with  counterforts  of  2.065  cu.  yds.  of  concrete  and  797.3  lbs.  of  rods 
for  each  10  ft.  of  wall.  With  concrete  costing  $8  per  cubic  yard  and 
steel  5  cts.  per  pound  in  place,  the  saving  per  lineal  foot  of  wall  in 
favor  of  the  design  with  counterforts  would  be  $5.64,  or  about  18  per 
cent,  of  the  total  cost  of  the  wall  without  counterforts. 

BfAced  Retaining-walls. — The  vault  spaces  under  the  sidewalks  In 
front  of  a  number  of  buildings  have  been  enclosed  with  walls  braced 
at  the  top  by  the  beams  carrying  the  sidewalks  to  the  framework  of 
the  building.  One  great  advantage  of  this  use  of  reinforced  concrete 
is  that  considerable  valuable  space  is  saved  by  keeping  the  wall  thin. 
These  braced  vault  walls  have  usually  been  built  with  beams  filled 
in  with  concrete,  as  shown  in  Fig.  28,  but  they  can  be  built  just  as 
well  and  more  economically  of  concrete  reinforced  by  rods.  The 
I-beam  wall  requires  too  much  metal  and  does  not  give  as  effective 
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and  economical  distribution  of  the  steel  as  can  be  attained  in  a  con- 
crete wall  reinforced  with  rods. 

The  I-beam  wall  is  usually  computed  on  the  assumption  that  the 
steel  beams  resist  the  transverse  loading  and  the  concrete  acts  only 
as  a  slab  between  the  beams  and  as  a  protection  to  the  latter. 
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5«etion   With  Reinforced   Concrete. 
Fig.  28. — Designs  for  Braced  Retaining-walls. 

Using  the  notation  of  Fig.  26,  and  letting  W^=  the  horizontal  thrust 
on  the  part  of  the  wall  above  the  section  considered,  a  distance  from 
the  top  designated  by  r,  and  i?=the  reaction  at  the  top  of  the  wall 
on  the  braces  or  sidewalk  beams,  we  find  that 
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R=y3P  .  . 


and 


lV=Pr^-r-x^, 


(6) 

(7) 


Substituting  the  values  of  R  and  IV  from  (7)  and  (8)  in  equation 
(6)  we  get 

M=y3Pr-(Pr^-^3x^) (9; 

M  will  be  maximum  when  r^J^jr,  which  substituted  in  equation 
(9)  gives 


7.8 


(10) 


This  is  only  2j4  per  cent,  greater  than  the  moment  at  the  center 
from  a  uniformly  distributed  load,  M=lVl-i-S,  and  it  will  be  near 
enough  to  proportion  the  beams  or  slabs  for  a  uniform  load  equal  in 
total  amount  to  P, 

Unless  the  bracing  to  the  top  of  the  wall  is  continuous,  the  top 
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Fig.  29. — Design  for  Reinforced  Concrete  Bridge  Abutment 

should  be  supported  by  a  coping  designed  to  resist  a  uniform  load  of 
R  per  lineal  foot  acting  horizontally,  with  a  span  equal  to  the  dis- 
tance center  to  center  of  braces. 
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Bridge  Abvtmeiit8.->The  reinforced  concrete  retaining-wall  with 
counterforts  has  been  successfully  applied  to  the  construction  of 
bridge  abutments,  the  general  form  of  which  is  shown  in  Fig.  29. 

The  only  condition  to  be  provided  for  which  has  not  been  covered 
in  the  methods  and  formulas  that  have  been  given  is  that  of  the  loads 
on  the  bridge  seats  from  the  superstructure  and  moving  load.  These 
can  best  be  taken  care  of  by  building  a  counterfort  directly  under  each 
bridge  seat  or  point  of  heavy  concentrated  loading  and  increasing  the 
section  of  these  counterforts  so  that  the  sum  of  the  compression  per 
square  inch  due  to  the  direct  loading  and  to  bending  in  the  outer  fibers 
on  the  compression  side  shall  not  exceed  the  permissible  unit  stress 
of  the  concrete  in  compression. 

Wing  walls  may  be  built  at  any  angle  with  the  face  of  the  abutment, 
from  zero  degree,  giving  a  straight  abutment,  to  90  degrees,  giving 
a  U  abutment,  and  they  can  be  designed  by  the  iniles  already  given 
for  retaining-walls. 

If  founded  on  piles,  care  should  be  taken  that  the  horizontal  com- 
ponent of  the  thrust  in  the  plane  of  the  foundation  is  properly  pro- 
vided for.  When  these  points  are  intelligently  considered,  an  abut- 
ment designed  according  to  the  methods  given  above  for  retaining- 
walls,  and  carefully  constructed,  can  be  relied  upon  to  give  satisfac- 
tory results. 

DAMS. 

Reinforced  concrete  has  been  used  to  some  extent  for  the  construc- 
tion of  dams,  for  which  purpose  it  is  often  economical.  It  possesses 
the  distinct  advantage  that  the  opening  up  of  cracks  can  be  guarded 
against  by  running  the  steel  reinforcement  in  every  direction  desired. 

Cracks  and  failures  caused  by  insecure  foundations,  seepage,  etc., 
will  not  be  taken  up  here,  as  the  discussion  of  these  points  may  be 
found  in  works  on  the  general  subject  of  dams,  the  object  of  this 
chapter  being  only  to  cover  some  of  the  more  important  applications 
of  reinforced  concrete  and  the  general  methods  that  may  be  safely 
followed  in  the  calculations  and  design. 

Cracks  caused  by  shrinkage  in  setting  and  by  thermal  contraction 
require  special  treatment,  as  upon  these  two  causes  depend  in  large 
measure  the  stresses  in  the  steel  reinforcement.  Experience  has 
shown  that  concrete  walls  not  reinforced  tend  to  crack  and  open  up, 
and  in  the  case  of  one  very  long  wall  these  cracks  appeared  at  inter- 
vals of  about  50  ft.  For  concrete  hardening  and  ^remaining  in  air 
such  cracks  may  be  due  in  about  equal  measure  to  shrinkage  in  hard- 
ening and  to  thermal  changes. 
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The  available  experimental  data  bearing  on  this  subject  being  prac- 
tically limited  .to  the  coefficients  of  thermal  expansion  and  changes  of 
volume  in  setting  and  hardening,  the  following  determination  of  Ae 
proper  percentage  of  steel  to  use  in  the  cross-section  of  any  given  wall 
to  prevent  cracks  from  opening  up,  under  shrinkage  and  thermal 
stresses,  is  not  claimed  to  be  more  than  a  reasonable  theory,  and  may 
require  revision  in  the  light  of  future  experiments  and  expcrience. 

The  change  of  length  in  specimens  of  neat  cement  and  concretes 
during  setting  and  hardening,  deduced  from  a  large  number  of  experi- 
ments, is  summed  up  by  M.  Considere  as  follows: 

Neat  cement,  hardening  in  water,  swelled  from ooi  to     .002 

Neat  cement,  hardening  in  air,  shrank  from 0015  to     .002 

Concrete  poor  in  cement,  hardening  in  water,  swelled  from.  .0002  to  .0005 
Concrete  poor  in  cement,  hardening  in  air,  shrank  from 0003  to  .0005 

Neat  cement  after  hardening  for  two  years  in  air,  on  subsequent 
immersion  for  three  weeks  in  water  swelled  0.00024  part  in  length. 
Mortar  of  one  part  of  cement  to  three  parts  of  sand,  after  hardening 
for  fifteen  months  in  water,  shrank  0.0005  part  in  length  during  two 
months*  exposure  in  air.  From  these  experiments  it  appears  that  neat 
cements  which  have  hardened  in  air  and  are  subsequently  immersed 
tend  to  swell  only  a  fraction  of  the  amount  that  they  shrank  during 
slow  setting,  and  when  hardened  in  water  and  then  exposed  in  air, 
the  shrinkage  would  be  a  fraction  of  the  previous  swelling.  But  with 
concretes  poor  in  cement  the  swelling  due  to  immersion  after  harden- 
ing in  air  or  the  shrinking  caused  by  exposure  in  air  after  hardening 
in  water  may  equal  or  exceed  the  amount  of  the  shrinkage  or  swelling, 
respectively,  due  to  the  slow  setting. 

From  these  results  M.  Considere  recommends  that  reinforced  con- 
crete works  built  and  allowed  to  harden  in  air  should  be  kept  very 
wet  if  they  arc  subsequently  to  be  immersed  in  whole  or  in  part,  in 
order  to  reduce  to  a  minimum  the  internal  stresses  caused  by  the 
swelling  of  the  concrete  after  it  has  hardened.  He  points  out  that  this 
is  more  important  in  the  poorer  concretes  than  in  the  rich  ones,  and 
has  calculated  that  the  stress  on  the  steel  reinforcement  due  to 
changes  in  volume  may  be  from  5,500  to  8,500  lb».  per  square  inch. 
While  the  chang^es  after  hardening  are  greater  in  the  poorer  mortars 
than  in  those  rich  in  cement,  the  clianjjes  in  volume  accompanyinjj 
slow  setting  are  less  in  poorer  than  in  the  rich  mortars.  These  prop- 
erties of  concrete  are  of  especial  importance  in  the  construction  of 
dams,  and  should  be  considered  in  fixing  working  unit  stresses,  both 
for  the  concrete  and  for  the  steel. 

Assuming  that  the  term  "concrete  poor  in  cement"  is  applicable  to 
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such  mixtures  as  are  generally  used  for  walls,  or  one  of  cement  to 
six  to  nine  or  more  of  sand  and  stone,  the  average  shrinkage  of  con- 
crete hardening  in  air  may  be  taken  at  0.0004  part  per  unit  of  length. 
While  this  is  several  times  greater  than  concrete  not  reinforced  will 
stand  without  cracking,  reinforced  concrete  can  be  stretched,  without 
visible  cracks  opening  up,  from  2j4  to  3  times  that  amount,  or  from 
o.oot  to  0.0012.  According  to  M.  Considere  reinforced  concrete  under 
tensile  stresses  exceeding  200  or  300  lbs.  per  square  inch  stretches  a 
considerable  amount  without  any  increment  of  stress  in  the  concrete, 
or,  in  other  words,  without  the  concrete  doing  any  appreciable  work. 
If  this  theory  is  correct,  and  it  has  ver>'  able  advocates,  the  reinforce- 
ment prevents  the  cracks  from  opening  up.  But  the  stress  in  the  steel 
reinforcement  must  at  least  be  equal  to  the  total  stress  less  the  ulti- 
mate tensile  strength  of  the  concrete,  and  if  the  concrete  should  crack 
from  any  cause  whatever  the  steel  would  have  to  take  the  entire 
stress. 

It  follows  that  to  ensure  safety,  sufficient  steel  should  be  used  to 
take  all  of  the  tensile  stresses  within  its  elastic  limit,  which  may  be 
taken  at  37,000  lbs.  per  square  inch  for  medium  structural  steel  and 
at  50,000  lbs.  per  square  inch  for  high  carbon  steel.  According  to  the 
theory  of  M.  Considere,  if  the  concrete  does  not  crack  at  any  point, 
the  stress  in  the  steel  would  depend  only  upon  the  coefficients  of 
shrinkage  and  thermal  contraction  and  its  own  modulus  or  coefficient 
of  elasticity,  and  would  be  independent  of  the  ratio  of  the  area  of  the 
steel  to  that  of  the  concrete. 

Thermal  Stresses. — In  Chapter  I  the  rate  of  change  of  length  for 
1°  F.  was  given  at  0.00000657  for  steel  and  0.00000655  for  concrete, 
which  are  averages  of  several  determinations,  the  differences  between 
which  were  many  times  greater  than  the  difference  between  these  two 
mean  values.  This  difference  of  2  in  the  last  place  cannot  make  a 
difference  of  over  100  lbs.  per  square  inch  and  the  probable  difference 
will  not  exceed  50  lbs.  per  square  inch  in  the  calculated  maximum 
stress  in  the  steel,  which  is  far  within  the  limits  of  accuracy  of  our 
present  knowledge  of  the  coefficients. 

The  range  of  extreme  temperatures  throughout  the  mass  of  con- 
crete, since  the  material  is  a  poor  conductor  of  heat,  will  be  materially 
less  than  that  in  the  air  or  water  surrounding  it,  and  as  the  average 
temperature  of  the  mass  is  that  which  will  determine  the  amount  of 
contraction  or  expansion,  it  will  be  safe,  in  most  localities,  to  take 
70**  F.  as  the  maximum  range.  If  the  sections  used  are  very  thin  and 
exposed  on  all  sides,  a  somewhat  greater  range  may  be  used.  In 
severe  climates  it  may  be  desirable  to  provide  for  a  considerably 
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greater  range  of  temperatures,  but  in  the  tropics  thermal  stresses  may 
often  be  neglected  with  perfect  safety. 

Then  for  a  range  of  temperature  of  70°  F.  and  the  coefficient  of 
0.00000657  the  change  of  length  of  an  unrestrained  body  would  be 
0.0004599  P*^^  P^r  ""*^  o^  length,  or  say  0.00046  part 

If  a  wall  or  other  mass  of  reinforced  concrete  were  rigidly  fixed 
at  the  ends  and  subjected  to  a  fall  of  70°  F.  in  the  average  tempera- 
ture throughout  the  mass,  the  thermal  stress  would  be  equal  to  that 
lequired  to  stretch  it  0.00046  time  its  length,  which  would  be  0.00046 
time  the  modulus  of  elasticity.  The  thermal  stress  in  the  steel  would 
then  be  0.00046X29,000,000=13,340  lbs.  per  square  inch.  If  the  modj- 
lus  of  elasticity  of  the  concrete  is  3,600,000,  the  corresponding  thermal 
stress  would  be  0.00046X3.600,000=1,656  lbs.  per  square  inch,  which 
is  from  four  to  eight  times  its  ultimate  tensile  strength,  and  if  not 
leinforced  it  would  crack,  since  its  ends  are  supposed  to  be  rigidly 
fixed  so  that  it  cannot  contract.  The  maximum  stress  that  can  come 
upon  the  steel  is  its  own  thermal  stress  of  13,340  lbs.  per  square  inch 
plus  the  ultimate  tensile  strength  of  the  concrete.  If  the  latter  is 
taken  at  300  lbs.  per  square  inch,  the  percentage  of  steel  required  in 
the  cross-section  of  the  reinforced  wall,  in  order  that  the  elastic  limit 
shall  not  be  exceeded,  will  be,  for  steel  having  an  elastic  limit  of 
37,000  lbs.,  ioo-j-[ (37,000 — i3,34o)-i-30o]=:30,ooo-f-23,66o=i.268  per 
cent.,  and  for  steel  with  an  elastic  limit  of  50,000  lbs.,  30,000-7-36,660 
=0.818  per  cent.  Mr.  W.  W.  Colpitts  recommends,  in  the  Railway 
Age,  the  use  of  about  one-half  of  the  amount  given  in  the  last  figure, 
or  0.6  sq.  in.  of  steel  per  square  foot  of  wall  section. 

The  intermediate  lengths  of  very  long  walls  in  which  cracks  arc 
prevented  from  opening  up  by  steel  reinforcement  arc  under  exactly 
the  same  conditions  of  thermal  stress  as  a  wall  supposed  to  be  fixed 
rigidly  at  the  ends,  like  that  considered  above. 

As  the  maximum  variations  in  temperature  occur  at  approximate 
intervals  of  six  months,  the  properties  of  concrete  at  that  age  shouM 
be  used. 

Shrinkage  Stresses. — When  concrete  sets  and  hardens  in  air  the 
shrinkage  of  0.0004  part  per  unit  of  length  will  produce  tensile  stresses 
in  the  concrete  unless  the  mass  is  free  to  contract.  The  intermediate 
lengths  of  long  walls,  when  not  relieved  by  the  opening  up  of  cracks, 
arc  stressed  exactly  as  if  they  were  rigidly  held  at  the  ends.  WTien 
not  reinforced  with  steel  such  walls  do  crack  at  intervals  the  length 
of  which  depends  upon  the  amount  and  character  of  the  friction  on 
the  foundation  and  surrounding  material  resisting  movements,  and  on 
the  strength  of  the  wall.  The  greater  the  friction  the  shorter  will  be 
the  intervals  between  cracks,  and  the  stronger  the  material  in  the  wall 
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the  longer  will  be  the  intervals.  The  cracks  will  occur  at  the  points 
of  least  resistance,  where  either  the  friction  or  strength  of  the  wall  or 
both  are  minimum. 

No  material  is  perfectly  uniform  in  strength  throughout,  and  even 
the  best  grades  of  steel  when  tested  in  long  bars  show  the  points  of 
minimum  strength  by  the  reductions  or  drawing  out  of  the  section. 
A  bar  of  very  uniform  steel  will  sometimes  show  five  or  six  points  of 
reduction  of  area  before  it  breaks,  its  edges  taking  the  form  of  a  series 
of  waves.  Concrete  is  far  less  uniform  than  steel,  and  therefore, 
while  under  the  same  stress,  some  sections  of  a  wall  or  other  mass 
may  be  at  the  point  of  failure  while  other  sections  with  the  same  area 
may  still  have  a  considerable  reserve  strength. 

The  longitudinal  steel  reinforcement,  being  fixed  or  immovable  at 
the  ends  of  the  length  of  wall  under  consideration,  cannot  change  its 
total  length,  and  therefore  the  summation  of  the  stresses  in  the  steel 
caused  by  shrinkage  of  the  concrete  must  be  zero.  Then  at  those  sec- 
tions where  the  concrete  is  weakest  the  steel  will  be  in  tension  and 
where  the  concrete  is  strongest  the  steel  will  be  in  compression  (pro- 
vided the  external  friction  were  uniform)  and  the  algebraic  sum  of 
these  stresses  in  the  steel  will  be  zero. 

The  maximum  tensile  stress  that  can  come  upon  the  steel  will  be 
equal  to  the  ultimate  tensile  strength  of  the  concrete  and  the  maxi- 
mum compressive  stress  in  the  steel  will  be  0.0004X29,000,000=11,600 
lbs.  per  square  inch.  The  per  cent,  of  steel  reinforcement  required  for 
shrinkage  stresses  alone,  the  ultimate  tensile  strength  of  the  concrete 
being  300  lbs.  per  square  inch  and  the  elastic  limit  of  the  steel  37,000 
lbs.,  will  be  30,ooo-7-37,ooo==o.8i  per  cent.  With  steel  having  an  elas- 
tic limit  of  50,000  lbs.  it  will  be  30,000-^-50,000=0.6  per  cent. 

Thermal  and  Shrinkage  Stresses  Combined. — Under  maximum  thermal 
and  shrinkage  stresses  combined  it  seems  probable  that  the  tensile 
thermal  stress  in  the  steel  due  to  its  own  contraction  neutralizes  the 
compressive  stresses  caused  by  the  shrinkage  of  the  concrete.  That 
the  maximum  tensile  stress  in  the  steel  can  never  exceed  its  own 
thermal  stress  of  13,340  lbs.  per  square  inch  plus  the  ultimate  tensile 
strength  of  the  concrete  seems  clear  because  if  it  were  greater  the 
concrete  would  necessarily  fail,  or  else,  according  to  Considere,  it 
would  elongate  without  doing  appreciable  work,  and  in  either  case 
it  would  not  deliver  any  increment  of  stress  to  the  steel.  If  this 
theory  is  correct,  as  it  appears  to  be,  the  correct  percentage  of  steel 
to  use  in  the  cross-section  of  a  wall  is  the  same  as  given  for  thermal 
stresses  alone,  or  1.27  per  cent,  for  steel  having  an  elastic  limit  of 
37,000  lbs.  and  0.82  per  cent,  for  steel  with  an  elastic  limit  of  50,000 
lbs. 
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It  thus  appears  that  high-carbon  steel  is  the  more  economical  for 
the  duty  of  resisting  thermal  and  shrinkage  stresses,  for  which  pur- 
pose it  can  be  safely  used,  high  ductile  qualities  not  being  required. 
For  use  in  reinforced  beams,  columns,  tanks,  etc.,  the  saving  in  weight 
by  using  high  steel  is  not  so  great,  and  in  fact  does  not  appear  to 
be  sufficient  to  compensate  for  the  loss  in  reliability  due  to  its  inferior 
ductile  qualities. 

The  basis  of  the  theory  given  above  for  reinforcing  concrete  lor 
thermal  and  shrinkage  stresses  is  that  the  steel  equalizes  the  strains 
between  different  sections  along  the  length  of  the  structure,  and 
changes  the  mass  from  a  material  very  deficient  in  uniformity  as  re- 
gards strain  to  an  exceedingly  uniform  material. 

Presiure  on  the  Immersed  Surface. — The  graphical  method  of  Ending 
the  pressure  on  the  immersed  surface  of  a  dam,  the  overturning  mo- 
ment and  the  resultant  on  the  base  is  illustrated  in  Fig.  30. 


QiiQ  v« 
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Fig.  30.— Graphical  Solution  of  the  Forces  Acting  on  a  E>am. 

Let  BC  he  the  inmiersed  surface,  DC  the  base.  BT  the  surface  of 
the  water,  and  x  the  depth  of  the  water.  Draw  CK  perpendicular  to 
BC  and  equal  to  x,  then  will  the  weight  of  the  water  in  the  prism 
BCK,  of  a  length  unity,  he  the  amount  of  the  pressure  on  the  im- 
mersed surface  one  unit  of  length.  This  pressure,  P,  will  act  normal 
to  the  surface  BC  and  through  the  center  of  gravity  of  the  triangle 
BCK  at  G  and  will  intersect  BC  at  M,  CM  being  equal  to  one-thinl 
of  BC. 

Find  the  center  of  gravity  of  the  section  of  the  dam  DABC  and  its 
weight,  IV.     From  the  intersection  of  P  with  the  vertical  through  the 
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center  of  gravity  of  the  dam  at  A',  lay  off  NO  equal  to  the  weight,  W, 
by  the  scale  of  forces,  and  draw  OS  parallel  to  NG,  making  OS  equal 
to  P  by  the  scale  of  forces.  Then  the  resultant  on  the  base,  R,  will 
be  represented  in  direction  and  amount  by  the  line  SN,  and  its  inter- 
section with  the  base  at  q  will  be  the  center  of  reactions  on  the  base. 
If  g  is  found  within  the  middle  third  of  the  base  the  dam  will  be  in 
stable  equilibrium  provided  the  maximum  intensity  of  pressure  on 
the  foundation  is  not  excessive.  The  intensity  of  pressure  on  any 
part  of  the  base  may  be  found  by  the  method  given  for  retaining- 
walls,  using  the  vertical  component  of  R  acting'  through  g.  The  in- 
tensity of  pressure  at  any  point  of  the  immersed  surface  BC  can  be 
readily  obtained  by  the  method  shown  in  Fig.  26. 

When  the  immersed  surface  is  vertical  the  methods  given  for  find- 
ing the  thrust  on  retaining-walls  are  applicable  by  making  ^  equal 
to  zero. 

When  the  crest  is  submerged  the  solution  will  be  as  follows :  Pro- 
duce the  line  BC  to  intersect  the  surface  of  the  water  at  E  and  lay 
off  CK'  equal  to  ^  and  perpendicular  to  EBC.  Draw  BK"  perpen- 
dicular to  BC  from  the  crest  of  the  dam  and  find  the  center  of  gravity 
of  BK^'K'C.  This  may  be  done  by  locating  the  centers  of  gravity  of 
the  triangles  ECK\  BCK,  and  EBK"  at  g,  G,  and  ^  respectively  and 
that  of  the  parallelogram  BKK'K''  by  the  intersection  of  the  diagonals 
at  /,  then  the  center  of  gravity  of  BK''K'C  will  be  at  G'  where  GI 
intersects  ^g  produced.  Or  if  on  ^g  produced,  gG'  is  laid  off  equal 
to  g^g  multiplied  by  the  area  of  EBK''  and  divided  by  the  area  of 
BK''K'C,  G'  will  be  the  center  of  gravity  sought.  The  area  of  BK^'K'C 
is  the  difference  of  areas  of  the  triangles  ECK'  and  EBK'\ 

The  center  of  gravity  of  a  right  angle  triangle  is  at  the  inside  cor- 
ner of  a  rectangle  the  sides  of  which  are  one-third  the  length  of  the 
sides  of  the  triangle  adjacent  to  the  right  angle,  the  rectangle  being 
inscribed  in  and  including  the  right  angle  of  the  triangle. 

A  force  equal  to  the  weight  of  BCK'K'\  for  a  length  unity,  acting 
through  G'  normal  to  BC  at  M'  will  be  the  resultant  pressure  P*  on 
a  unit  of  length  of  the  surface  BC, 

Find  the  weight  W^  of  a  unit  of  length  of  the  section  of  the  dam 
and  the  prism  of  water  AEFB,  over  the  crest,  and  the  intersection 
of  the  vertical  through  the  common  center  of  gravity  with  P'  at  N\ 
and  lay  off  N'O'  vertical  and  equal  to  W\  Draw  O'S'  parallel  and 
equal  to  P',  then  S'N'  will  be  the  resultant,  R'y  intersecting  the  base 
at  (f. 

The  values  of  P,-  W,  R,  and  the  distance  DQ  and  P",  W\  R',  and 
the  distance  DQ\  given  in  Fig.  30,  were  found  by  assuming  the  fol- 
lowing dimensions  and  unit  weights: 
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^r^i5  ft. 

X'=20  ft 

The  base  DC=is  ft 
The  batter  of  AD=^  ft.  in  its  height 
The  crest  AB=^  ft. 

The  average  weight  of  the  prism  of  the  datn=i40  lbs.  per  cubic 
ibot  and  the  weight  of  water=62.5  lbs.  per  cubic  foot 
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For  P,  W,  R  and  DQ  the  water  level  is  at  AST,  and  for  F,  W, 
Ef  and  DQ'  the  surface  of  the  water  is  at  EFT\ 

Example. — ^The  reinforced  concrete  gravity  dam  recently  built  at 
Theresa,  New  York,  is  illustrated  in  Fig.  31.  The  highest  water  runs 
6  ft.  deep  over  the  crest  or  about  17  ft.  over  the  point  of  the  toe, 
making  the  dam  about  1 1  ft.  high.  The  base  is  22  ft.  wide  inside 
of  the  slab  and  the  crest  about  2  ft  6  ins.  wide.  The  dam  is  con- 
structed with  concrete  buttresses,  not  reinforced,  12  ins.  thick  and 
spaced  6  ft.  center  to  center,  and  having  a  batter  of  about  i  ft.  in 
their  height  on  the  down-stream  side.  The  inclined  up-stream  side  of 
the  buttresses  supports  a  concrete  slab  6  ins.  thick  and  reinforced  with 
^-in.  Thacher  rods  and  expanded  metal.  The  toe  is  solid  concrete 
with  a  width  of  4  ft  on  the  base  inside  of  the  slab.  The  crest  is 
strengthened  by  a  reinforced  concrete  beam  on  its  down-stream  edge, 
which  has  a  section  of  6  ins-XB  ins.  and  two  j4-in.  Thacher  rods. 
The  reinforcing  rods  in  the  slab  which  forms  the  immersed  surface 
run  longitudinally  and  are  spaced  8  ins.  apart  at  the  bottom  near  the 
toe,  the  spacing  gradually  increasing  to  11  ins.  at  the  top  near  the 
crest.  ^ 

Assuming  the  weight  of  concrete  at  140  lbs.  per  cubic  foot,  the 
weight  of  a  section  of  the  dam  6  ft.  long,  which  is  the  length  of  the 
sections  supported  by  each  buttress,  and  the  horizontal  position  of  its 
center  of  gravity,  are  found  as  follows,  the  letters  referring  to  Fig.  31 : 


. 

Dimensions, 
Feet, 

Weight 

per 

Cu.  Foot, 

Lbs. 

Weight. 

Lever 

Arms 
about/). 

Moment. 

Buttress,  DAE 

Buttress,  ABFE. . . . 

Buttress,  BFC 

Dam,  BCcb 

Toe,  HIc 

IIXT-^^ 

2.5X11 

I9.5X11H-2 

4X2J4^X5 

21.75X5^X5 

2/2X1/^X5 

>4X|  X5 

X140 
X140 
X140 
X140 
X140 
X140 
X140 

=  3,850 
=15,015 
=  3,150 
=  7,612 
=      875 
=      223 

x| 

X2.25 
XIO 

XI9J 
XI3 

X2]^ 

xi>4 

II  II  II  II  II 

^  b  b  en  b 

Crest,  ABba, 

Nose,  adef 

-     1969.0 
=       301.0 

fF= 

31,505 

X(I0.2) 

=321448.0 

321,448  foot-pounds-^3i,sos  lbs.=io.2  ft,  from  D  to  the  vertical  through 
the  center  of  gravity. 


Adding  the  weight  of  the  water  vertically  over  AB  to  the  weight 
of  the  dam,  we  have  31,505+5,625=37,130  lbs.  This  shifts  the  cen- 
ter of  gravity  0.86  ft.  toward  D,  and  Q  will  then  be  10.2— o.86==9.34 
ft.  from  D.  Find  the  intersection  of  F  with  the  vertical  through  Q  at 
N  just  as  was  done  in  Fig.  30.    The  weight  of  BCK'K''=P,  for  a 
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section  i  ft.  in  length,  is  (BK"+CK')-^2X(i^CX^2.s)=(6+i7)---2 
X22.3X62. 5= 16,028  lbs.,  and  for  a  section  6  ft.  in  length  to  corre- 
spond with  the  unit  section  of  the  dam  it  is  96,200  lbs.,  nearly.  Then 
laying  off  JVO=37,i30  lbs.  and  06=96,200  lbs.,  we  find  SN=R= 
130,500  lbs.  R  intersects  the  base  of  the  buttress  within  about  4  ins. 
of  its  center,  and  as  the  average  intensity  of  pressure  on  the  base, 
which  is  founded  on  rock,  is  less  than  3  tons  per  square  foot  the  dam 
has  a  wide  margin  of  safety  against  overturning. 

The  average  intensity  of  pressure  per  square  foot  on  the  surface 
EC  may  be  found  by  the  method  given  in  Fig.  26,  P  being  taken  equal 
to  the  weight  of  the  prism  ECK\  with  a  length  of  i  ft.,  and  x=EC, 
or  by  the  following  method : 

Taking  BC=22.3  ft,  the  mean  pressure  per  square  foot  will  be 
16,028-7-22.3=719  lbs.,  which  is  the  intensity  of  pressure  per  square 
foot  at  the  middle  of  BC=m  in  Fig.  31.  Erect  a  normal  to  BC,  bi- 
secting the  latter  at  m,  and  lay  off  mt^jig  lbs.  From  the  apex  of 
the  triangle  ECK'  draw  Ehr  through  the  point  /,  then  will  the  inter- 
cepts of  lines  parallel  to  mt  or  CK'  between  BC  and  hr  be  the  inten- 
sities of  pressure  per  square  foot  on  BC.  These  are  found  to  be  ^"^ 
lbs.  at  B  and  900  lbs.  at  t. 

A  6-in.  slab  with  ^-in.  round  rods  5.7  ins.  center  to  center,  accord- 
ing to  Table  XII,  is  good  for  909  lbs.  per  square  foot,  with  a  safety 
factor  of  5,  and  the  area  of  the  steel  used,  y\-\n,  round  rods.  8  ins. 
center  to  center,  is  about  4  per  cent,  greater  than  given  in  the  table. 
In  addition  to  the  rods  the  slab  is  reinforced  with  expanded  metal, 
which  gives  a  further  excess  of  strength,  besides  binding  it  together 
in  every  direction. 

Other  Forma  of  Dams. — That  other  forms  of  dams  besides  that  shown 
in  the  example  illustrated  in  Fig.  31  may  often  be  advantageously 
constructed  of  reinforced  concrete  is  so  apparent  that  they  need  only 
to  be  mentioned.  If  another  reinforced  concrete  slab  is  built  on  the 
down-stream,  or  exposed  faces  of  the  buttresses,  it  is  clear  that  the 
dam  will  consist  of  a  series  of  pockets  or  coffers.  These  coffers  may 
be  filled  with  any  cheap  material,  such  as  a  concrete  mixed  in  the 
proportions  of  i  to  12  or  i  to  15  (i  part  cement  to  4  or  5  parts  of 
sand  and  8  or  10  of  stone),  or  even  with  riprap  stone  or  earth,  if  the 
details  of  the  desi^  are  well  considered,  and  the  added  weight  of 
this  filling,  increasinef  the  resistance  to  the  overturning  moment,  will 
permit  a  considerable  reduction  in  the  width  of  the  base.  In  overflow 
or  submergfcd  dams  or  waste  weirs  the  slab  on  the  down-stream  side, 
as  seen  in  cross-section,  may  be  given  an  ogee  form  or  that  of  any 
curve  desired.     The  discussion  of  the  best  form  to  use  in  particular 


DAMS.  109 

cases  will  be  found  in  the  treatise  by  Clemens  Herschel  and  other 
works  on  the  subject. 

Where  a  dam  is  to  be  constructed  in  a  narrow  gorge  or  canon  with 
solid  rock  walls,  and  an  extreme  width  of  not  over  300  to  500  ft.,  an 
arched  dam  may  be  substituted  for  a  gravity  dam.  The  arched  dam 
will  be  found  to  be  more  economical  than  the  gravity  dam  up  to  a 
length  that  can  be  determined  by  comparative  estimates  for  each  case, 
and,  as  the  length  is  reduced  below  that  at  which  the  cost  of  the 
arched  and  the  gravity  dams  are  equal,  the  saving  due  to  the  former 
will  increase. 

Consider  a  horizontal  section  or  slice  of  unit  height  at  the  base  and 
fmd  the  pressure  on  the  immersed  surface,  both  in  amount  and  direc- 
tion. The  stresses  may  then  be  computed  by  the  elastic  method  given 
in  the  succeeding  chapter  on  arches,  and  the  section  designed  accord- 
ingly. In  the  same  manner  other  sections  at  any  convenient  heights 
above  the  base,  up  to  the  crest,  can  be  determined.  It  will  generally 
be  sufficient  to  compute  two  or  three  sections  and  interpolate  between 
them.  The  horizontal  components  of  the  pressure  on  the  immersed 
surface  can  be  used  for  the  loads  on  the  divisions  of  the  arch.  This 
will  facilitate  the  work,  and  any  error  will  be  on  the  side  of  safety. 
If  the  immersed  surface  is  vertical,  the  pressures  will,  of  course,  be 
horizontal,  and  there  will  be  no  error  by  this  assumption.  Therefore, 
it  will  be  some  advantage  to  make  the  immersed  surface  vertical,  or 
nearly  so.  The  load  on  each  division  of  the  arch  cannot  be  taken  as 
acting  perpendicular  to  the  chord  or  span,  but  must  be  considered  to 
act  on  the  line  of  the  radius  of  the  extrados  at  the  center  of  the 
division,  and  the  load  line  must  be  laid  off  accordingly. 

Core  Walla. — Reinforced  concrete  should  give  very  economical  and 
satisfactory  results  in  the  construction  of  core  walls  for  dams  built  of 
earth  or  stone.  Such  core  walls  can  be  built  as  thin  as  the  practical 
limitations  of  construction  will  permit,  as  they  can  be  supported  at 
intervals  by  buttresses  on  one  or  both  sides.  They  require  reinforcing 
for  shrinkage  and  thermal  stresses  only,  and  as  they  are  generally 
deeply  buried  in  the  earthwork  of  the  dam  the  thermal  changes  will 
be  comparatively  small  and  may  often  be  neglected.  When  properly 
reinforced  they  should  be  found  to  be  as  free  from  cracks  and  con- 
sequent seepage  as  a  core  wall  of  steel  plates,  and  they  will  not  deteri- 
orate or  rust  out,  which  cannot  be  claimed  for  the  steel  core.  No 
more  difficulty  will  be  encountered  in  guarding  against  seepage  under 
the  base  with  the  reinforced  concrete  construction  than  with  any 
other. 
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Reinforced  concrete  has  been  extensively  employed  in  Europe  tw 
the  construction  of  tanks,  bins,  reservoirs,  etc.  Tanks  for  boldiftg 
water  and  other  fluids  should  be  built  with  concrete  of  the  masimflBi 
density;  that  is  to  say.  rich  in  cement.  Mixtures  of  i  to  4^3  to  i  ^6 
are  the  best  for  the  purpose,  as  those  richer  ihan  i  to  4!  3  are  liaMc 
to  show  hair  cracks.  Concrete  water-tanks  have  frequently  been  Imd 
with  asphalt. 

The  general  practice  in  designing  ihc  reinforcement  is  to  consider 
that  all  of  the  tensile  stresses  are  resisted  by  the  steeL  The  concrrtt 
will  certainly  take  a  part  of  these  stresses,  but  the  addttiorml  oiariin 
of  safety  secured  by  neglecting  the  tensik  strength  of  the  concrdt  i^ 
obtained  at  a  very  small  cost. 

The  main  reinforcing  rods  must  be  thoroughly  connected  50  as  ;^ 
form  perfect  hoops,  and  they  should  be  placed  either  tn  the  ctsm 
of  the  concrete  section  or  between  tlie  center  and  two  diameicrs  oj 
the  rods  from  the  outer  face.  In  addition  to  the  hoops  it  will  i^ 
quently  be  desirable  to  insert  a  few  smaller  vertical  rods  in  the  didL 
In  place  of  hoops  made  of  rods,  or  bars,  sheets  of  wire  netting  or 
expanded  metal  may  be  used,  but,  as  by  far  the  greater  part  oi  tk 
metal  reinforcement  is  required  in  the  circular  direction,  rods  or  ban 
are  more  economical. 

The  intensity  of  the  pressure  on  a  unit  of  surface  at  a  distance  J 
below  the  surface  of  the  contained  fluid,  whose  weight  per  unit  fil 
volume  is  w,  is  p=zvx.  The  tension  on  a  section  of  the  shell  l^f 
center  of  which  is  at  a  distance  x  be!ow  the  surface  of  the  tlui(i.  ^^^ 
the  height  of  which  in  the  direction  of  x  is  unity,  assumed  to  k 
entirely  sustained  by  the  steel,  is  F=^pD-^2,  where  D  is  the  intenU' 
diameter  of  the  tank. 

The  area  of  the  steel  reinforcement  required  in  this  section  of  t^f 
shell  of  a  unit  height  is  A  =F-^f,  wherr  /  is  the  permissible  inten^ 
sity  of  the  working  stress  in  the  stee!. 

Example. — Let  ^=15  ft,  2^=62.5  lbs.  (water),  f^i2,Qoo  lbs.,  afl^ 
D=20  ft.  Then  p=g^j.^  lbs.,  7^=9,375  lbs.,  and  .4,^=o.j^i  sq.  in-  *^^ 
I  ft.  height  of  shell  at  the  section  15  ft.  below  the  surface.  Use  two 
bars  2X/4  in.  spaced  yjA  ins.  center  to  ccntcr=^o.8o  sq.  in*  per  io^ 
height  of  shell. 

Towards  the  top  the  spacing  may  be  wider,  or  smaller  sections  of 
steel  may  be  used,  or  both,  thus  gritdually  reducing  the  section  ni 
the  steel  with  the  pressure  from  bottom  to  top. 

The  bottom  of  the  tank  may  be  built  of  reinforced  concrete' beams 
and  slabs,  which  can  be  readily  proportioned  by  one  of  the  meth(xli 
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given  in  Chapter  II,  or  it  may  be  constructed  as  a  spherical  invert 
In  the  latter  case,  proper  provision  must  be  made  for  the  stresses  in 
the  lower  section  of  the  shell  and  between  the  invert  and  the  shell. 
The  pressure  on  walls  of  grain-bins,  etc.,  is  very  fully  discussed  by 
Mr.  J.  A.  Jamieson,  in  the  Engineering  News  of  March  lo  and  April 
28,  1904.  Mr.  Jamieson  describes  a  very  interesting  set  of  experi- 
ments, and  gives  formulas  for  the  pressure  based  thereon.  An  edi- 
torial in  one  of  these  issues  also  gives  a  valuable  discussion  of  for-^ 
mulas.  In  the  Engineering  News  of  July  21,  1904,  Mr.  R.  W.  Dull 
gives  some  "Formulas  and  Tables  for  Bin  Designing,"  including  a 
treatment  of  the  pressure  of  coal. 

COLUMN    FOOTINGS    AND   SPREAD   FOUNDATIONS. 

An  excellent  and  economical  substitute  for  steel  I-beam  grillage  in 
foundations  is  offered  by  reinforced  concrete.  The  methods,  formu- 
las, and  examples  given  in  the  first  part  of  this  chapter  for  the  de- 
termination of  the  base  of  retaining-walls  are  exactly  applicable  to 
the  case  of  column  and  wall  footings  and  foundations,  and  there 
should  be  no  difficulty  in  applying  them  to  these  cases.  This  involves 
nothing  but  a  simple  application  of  the  formulas  of  Chapter  11. 

CONDUITS,    SEWERS,    AND   CULVERTS. 

The  extensive  and  successful  use  of  concrete  without  reinforcement 
for  the  construction  of  sewers  and  culverts,  and  the  favor  with  which 
engineers  have  generally  received  this  material  for  these  uses,  places 
the  question  of  the  selection  of  reinforced  concrete  for  building  such 
works  entirely  on  the  ground  of  economy  and  increased  stability,  and 
eliminates  the  experimental  features  connected  with  its  applications  to 
many  other  uses.  Generally  speaking,  the  sections  in  reinforced  con- 
crete may  be  made  about  one-half  of  those  which  are  customary  with 
concrete  not  reinforced,  but  for  sewers  and  culverts  of  small  cross- 
section,  up  to  about  8  ft.  in  diameter,  many  engineers  prefer  to  adopt 
minimum  sections  which  are  sufficiently  strong  without  any  reinforce- 
ment 

In  some  cases,  where  there  is  danger  of  unequal  settlement,  the  use 
of  longitudinal  reinforcing  bars  will  prevent  failure.  It  is  very  dif- 
ficult to  give  a  rule  applicable  to  all  cases  for  such  longitudinal  rein- 
forcement, and  the  amount  of  metal  used  will  depend  largely  on  the 
judgment  of  the  designer. 

It  is  customary  to  build  concrete  sewers  in  monolithic  lengths  of 
not  much  over  50  ft.,  to  avoid  shrinkage  cracks.  When  longitudinal 
reinforcement  is  used,  the  length  of  the  monolithic  sections  may  be 
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made  as  long  as  practical  conditions  permit  The  amount  of  steel  re- 
quired to  prevent  shrinkage  cracks  in  long  monolithic  sections  may 
be  determined  by  the  formula  given  for  shrinkage  stresses  in  the  sec- 
tion on  dams. 

For  the  computation  of  the  stresses,  sections,  and  reinforcement  for 

flat-top  sewers  and  box  culverts,  the  methods  given  in  Chapter  II  for 

I  i  beams  are  directly  applicable.    It  will  be  safe  to  assume  the  load  equal 

It  to  the  weight  of  the  material  and  moving  loads  that  can  come  verti- 

I  cally  over  the  clear  span  of  the  slab  that  fonns  the  roof  of  the  culvert 

*  or  sewer,  as  this  will  give  the  maximum  possible  load.     It  is  probable 

that  in  many  cases  the  actual  weight  on  the  slab  will  be  less  than  this, 
and  in  some  conditions  very  much  less,  but  no  safe  general  rule  is 
known  by  which  the  ratio  of  the  actual  load  to  the  weight  of  the 
material  vertically  over  the  roof  can  be  determined.  If  the  fill  over 
the  top  of  the  culvert  or  sewer  is  not  over  three  feet,  something 
should  be  added  to  the  weight  of  the  moving  loads  for  impact.  The 
side  walls  should  be  treated  as  abutment  retaining-walls  for  the  earth 
pressure  and  load  from  the  top. 

An  advantage  that  is  common  to  concrete  sewers  with  or  without 
reinforcement  is  the  high  resistance  that  the  material  oflfers  to  attri- 
tion. Mr.  W.  B.  Fuller  observed  in  some  sewers  designed  and  built 
by  him  in  Duluth,  in  which  the  inverts  were  constructed  of  granite 
blocks  with  one  to  one  mortar  in  the  joints  and  in  which  the  velocity 
was  42  ft.  per  second,  that  the  granite  wore  down  below  the  joints, 
leaving  the  mortar  of  the  joints  projecting  enough  to  make  perceptible 
ripples. 

Mr.  Fuller  states  that  in  his  experience  he  has  secured  better  con- 
crete where  reinforcement  was  used  than  when  it  was  not,  due  to  the 
fact  that  the  contractors  and  workmen  take  more  care  when  embedded 
steel  is  used  and  that,  therefore,  the  use  of  reinforcement  has  a  ten- 
dency to  produce  better  workmanship. 

The  method  for  determiningr  the  stresses  in  arched  culverts  and 
sewers  will  be  given  in  the  chapter  on  arches. 

Reinforced  concrete  pipe  sewers  are  entirely  feasible  and  may  be 
built  either  in  place  or  can  be  cast  in  sections  and  laid  in  place  in 
the  same  manner  as  tile.  The  author  has  no  experimental  data  on 
reinforced-concrete  pipe  under  external  pressure,  but  in  1900  he  made 
a  series  of  three  tests  to  destruction  on  concrete  pipe  without  rein- 
forcement. These  pipes  had  an  internal  diameter  of  30  ins.  and  were 
4  ins.  thick,  makincf  the  external  diameter  38  ins.  They  were  40  in-?, 
long.  When  embedded  in  s^ravel  up  to  the  height  of  their  horizontal 
diameter  they  carried  a  load  of  8.7  tons  uniformly  distributed  on  their 
extrados,  without  showing  any  appreciable  deflection.     It  not  being 
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practicable  to  increase  the  load,  the  gpravel  was  gradually  removed 
from  their  sides,  and  when  raked  out  to  a  depth  of  6  ins.  below  their 
horizontal  diameter  a  deflection  of  J^  to  ^  in.  was  observed.  They 
collapsed  when  the  gravel  had  been  raked  out  to  a  depth  of  9J4  ins. 
to  II  ins.  below  their  horizontal  diameter.  The  deduction  to  be  drawn 
from  these  tests  is  the  importance  of  thoroughly  embedding  the  pipe, 
whether  of  plain  concrete  or  reinforced  concrete.  When  laid  on  a 
solid  bed  and  well  backed  up  to  their  horizontal  diameter  with  good 
material,  thoroughly  tamped,  they  will  carry  any  load  that  is  liable 
to  come  on  them  in  ordinary  cases.  When  not  thoroughly  backed  up 
they  are  liable  to  fail  under  a  very  small  load. 

Conduits  under  internal  pressure  should  be  treated  in  a  way  very 
similar  to  tanks.  If  p  is  the  intensity  of  the  internal  pressure  per 
square  inch,  and  d  the  internal  diameter  of  the  conduit  in  inches,  the 
tension  on  the  shell  per  longitudinal  inch  is  F=pd-^2.  Assuming  that 
the  entire  tensile  stress  is  resisted  by  the  steel  reinforcement,  as  is 
customary  in  the  designing  of  tanks,  and  that  the  allowed  working 
stress  per  square  inch  in  the  steel  is  f,  the  area  of  steel  required  in 
each  longitudinal  foot  of  the  conduit  will  be  A;=i2F-^f, 

In  cases  where  unequal  settlement  may  occur,  or  where  it  is  not 
practicable  to  obtain  a  uniform  foundation  or  bed  throughout  the 
length  of  the  culvert,  longitudinal  reinforcing  members  may  be  intro- 
duced. The  circular  reinforcing  members  {A^  above)  should  either 
be  thoroughly  connected  at  their  ends  to  form  perfect  hoops,  or  may 
be  inserted  as  a  continuous  spiral.  Wire  netting  or  expanded  metal 
may  be  used,  if  preferred. 

Conduits  under  internal  pressure  should  be  made  with  i  to  6  con- 
crete in  order  to  give  maximum  density  and  avoid  seepage. 

CHIMNEYS   AND  STAND-PIPES. 

Reinforced  concrete  is  particularly  well  adapted  to  the  construction 
of  tall  chimneys  and  stand-pipes.  For  the  former  purpose  it  will  often 
effect  a  saving  of  30  or  40  per  cent,  of  the  cost  of  a  brick  chimney 
and  will  often  compete  in  cost  with  steel  chimneys  with  the  advan- 
tage as  to  durability  in  favor  of  the  reinforced  concrete.  The  follow- 
ing is  a  simple  method  for  computing  the  stresses  and  sections  of 
steel  required  in  a  reinforced-concrete  chimney: 

Compute  the  overturning  moment  of  wind  at  the  base  and  the  mo- 
ment of  resistance  of  the  steel  reinforcement  about  the  center  of 
figure  of  the  base.  Then  the  maximum  stress  per  square  inch  in  the 
steel  on  the  windward  side  will  be  f,  =^—5".,  where  S^  is  the  mo- 
ment of  resistance  of  the  steel. 
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Ex  AM  PLK.— Required  a  circular  chimney  loo  ft.  high  and  5  ft.  inter- 
nal diameter.  The  inside  wall  will  be  laterally  supported  by.  but  not 
connected  with,  the  outside  wall.  The  load  per  square  inch  on  the 
foot  of  a  concrete  column  of  uniform  cross-section  due  to  its  own 
weight  alone  is  about  i  lb.  per  foot  of  height,  which  for  100  ft  is 
100  lbs.  per  square  inch,  or  about  one-fifth  of  the  safe  load.  There- 
fore, the  inside  wall  may  have  a  uniform  thickness  of  4  ins.  from 
bottom  to  top. 

Assuming  a  4-in.  space  between  the  inner  and  outer  walls  and  the 
thickness  of  the  latter  to  be  8  ins.  at  the  bottom  and  4  ins.  at  the 
top,  we  find  the  external  diameter  to  be  7  ft.  o  in.  at  the  top  and  7  ft. 
8  ins.  at  the  bottom. 

The  weight  of  the  exterior  wall  will  be  128,400  lbs.  and  the  wind 
pressure,  at  50  lbs.  per  square  foot  on  a  normal  plane,  will  be  18,325 
lbs.  on  the  windward  side  of  the  chimney.  The  center  of  action  of 
the  resultant  of  the  wind  pressure  will  be  49.26  ft.  above  the  base 
and  its  moment  about  the  plane  of  the  base  902,506  foot-pounds,  or 
10,830,07^  inch-pounds.  The  resultant  would  then  intersect  the  plane 
of  the  base  at  a  point  over  7  ft.  from  the  axis  of  the  chimney,  or  over 
3  ft.  outside  of  the  figure  of  the  base,  and  without  reinforcement  the 
chimney  would  fail. 

Assume  the  principal  reinforcing  rods,  which  will  be  vertical,  to  be 
^  in.  thick  and  arranged  in  an  annular  space,  the  inside  diameter  of 
which  is  83  ins.  and  the  outside  diameter  84  ins.  Odculate  the  mo- 
ment of  resistance  of  an  annular  shell  Yz  in.  thick  of  the  same  diam- 
eters as  the  annular  space  in  which  the  reinforcing  rods  are  arranged, 
by  the  formula  5'==o.0982X[(the  cube  of  the  external  diameter) 
minus  (the  fourth  power  of  the  internal  diameter  divided  by  the  ex- 
ternal diameter)].  For  this  example  the  value  of  5,  is  found  to  be 
2,723  in  inches.  Dividing  the  overturning  moment  from  the  wind 
pressure  in  inch-pounds  by  the  safe  working  stress  in  the  steel  we 
have  10,830,072-^-12,000=902.5,  which  is  the  value  of  5".  required. 
Then  the  section  of  steel  required  in  each  foot  of  circumference  of  the 
shell,  measured  on  the  center  line  of  the  reinforcement,  will  be  12  ins. 
multiplied  by  Yi  in.  (or  6  sq.  ins.),  multiplied  by  902.5  and  divided 
by  2,723.  which  gives  1.99  sq.  ins.;  say  2  sq.  ins.,  and  use  2-in.XM"'"- 
bars  6  ins.  center  to  center. 

The  maximum  intensity  of  compression  in  the  concrete  on  the  lee- 
ward Side  at  the  base  is  found  in  a  similar  way,  as  follows : 

S^  =0.0982  [923—  (76*-f-92)  ]=40,859- 


For  one  to  nine  concrete  one  month  old  Table  V  gives  2,300,000  for 
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the  value  of  £«,  and  the  value  of  e  will  then  be  29,000,000-^2,300,000 
=12.6,  from  which  we  get  5'=5'o +^5".  =40,859+ 12.6  (2722.6^3)= 
52,294.  Then  the  maximum  intensity  of  the  compression  in  the  con- 
crete due  to  wind  only  will  be  /o=Af-r^==io,830,o72-T-52,294=207.i 
lbs.  per  square  inch.  Adding  the  weight  of  the  shell  distributed  on 
the  8-in.  annular  base,  we  have  207+75=282  lbs.  per  square  inch 
maximum  compression,  while  Table  V  shows  that  340  lbs.  per  square 
inch  is  permissible  with  a  factor  of  safety  of  six. 

The  rods  must  enter  the  base,  or  foundation,  far  enough  to  develop 
their  full  strength,  and  the  dimensions  of  the  base  must  be  such  that 
the  permissible  maximum  intensity  of  pressure  for  the  material  on 
which  the  structure  is  founded  will  not  be  exceeded.  In  some  cases 
an  additional  saving  in  cost  may  be  effected  by  using  reinforcement 
in  the  base.  The  methods  and  formulas  given  in  full  for  the  bases 
of  retaining- walls  may  be  directly  applied  to  find  the  stresses  and  sec- 
tions for  the  base  of  a  chimney.  These  points  have  been  treated  in 
sufficient  detail  in  the  section  on  retaining-walls  and  do  not  require 
further  discussion  here. 

Stand-pipes  may  be  analyzed  for  overturning  moment  due  to  wind 
in  the  same  manner  as  given  above  for  chimneys,  and  in  addition  to 
the  vertical  reinforcement  they  must  be  hooped  with  circular  rein- 
forcement The  method  for  computing  the  sections  and  spacing  of 
the  hoops  or  rings  is  identical  with  that  given  for  tanks. 


CHAPTER  v.— TESTS  AND  DESIGN  OF  ARCHES. 

Evolution  and  Advantages  of  Reinforced-concreto  Arches. — The  idea  of 
reinforcing  masonry  arches  with  metal  antedates  by  many  years  the 
advent  of  reinforced  concrete  as  now  understood.  The  voussoirs  were 
banded  or  clamped  together  on  the  extrados  by  straps  of  iron,  so  that 
the  joints  could  not  open  up,  and  tensile  stresses  on  the  side  of  the 
extrados  were  thus  provided  for.  But,  since  the  summation  of  the 
moments  in  the  ring  must  be  equal  to  zero,  when  there  are  negative 
moments  producing  tension  on  the  side  of  the  extrados,  there  must  be 
positive  moments,  equal  in  total  amount,  on  the  side  of  the  intrados, 
and  no  provision  was  made  for  the  latter.  Therefore,  the  advantage 
derived  from  the  banding  was  not  very  great,  as  failure  would  take 
place  by  the  opening  up  of  joints  at  the  intrados. 

The  general  and  commercially  successful  application  of  reinforced 
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concrete  in  engineering  and  architectural  works  dates  from  the  intro- 
duction of  the  system  invented  by  Jean  Monier  in  Paris,  between  1876 
and  1878.  In  Monier's  United  States  patent,  which  was  issued  on 
July  29,  1884,  the  first  and  principal  claim  read  as  follows: 


i 


"As  an  article  of  manufacture,  an  integral  element  of  construction 
composed  of  a  metal  skeleton  comprising  longitudinal  bars  or  rods 
and  transverse  ribs  secured  by  ligatures  of  metal,  and  a  covering  of 
cement,  in  which  said  metal  skeleton  is  embedded,  all  constructed  and 
arranged  substantially  as  set  forth." 

From  this  it  appears  that  the  generally  accepted  belief  that  Monier's 
invention  was  confined  to  the  use  of  wire  netting  for  the  reinforcing 
members  is  not  correct,  since  he  distinctly  covers  any  form  of  metal 
skeleton  comprising  longitudinal  and  transverse  bars  or  rods,  and 
that  most  of  the  later  so-called  "systems"  differ  from  Monier's  only 
in  detail  or  in  the  omission  of  the  transverse  ribs.  The  latter  varia- 
tion reduces  the  amount  of  metal  required,  and  thus  cheapens  the  cost, 
but  it  is  doubtful  if  the  expedient  is  often  advisable. 

The  first  Monier  arches  were  constructed  with  one  wire  netting 
only,  embedded  in  the  concrete  near  the  intrados.  This  arrangement 
does  not  materially  increase  the  resistance  of  the  ring  to-  the  moments 
producing  tensile  stresses  at  the  extrados,  and,  as  was  the  case  with 
stone  voussoir  arches  banded  with  iron  on  the  extrados,  a  very  small 
increase  in  strength  is  derived  from  the  metal  reinforcement.  Monier 
arches  were  afterwards  built  with  two  nettings,  one  near  the  intrados 
and  the  other  near  the  extrados.  This  arrangement  gave  much  better 
results,  as  will  be  shown  in  the  tables  giving  the  results  of  experi- 
ments in  which  several  Monier  arches,  among  a  number  of  others, 
were  tested  to  destruction. 

One  objection  to  Monier  arches,  as  usually  built,  is  that  the  same 
quantity  of  metal  is  used  in  the  transverse  as  in  the  longitudinal  direc- 
tion, whereas  in  an  economical  design  the  principal  reinforcement 
should  be  in  the  latter  direction,  the  transverse  metal  members  either 
being  much  smaller  in  section  or  entirely  omitted.  Another  objection 
that  has  been  advanced  is  that  it  is  difficult  to  embed  a  wire  netting 
with  2-in.  to  3-in.  meshes  near  the  surface  of  ordinary  concrete  and 
that,  consequently,  mortar,  or  a  very  fine  and  expensive  gravel  con- 
crete, has  generally  been  used.  It  is  claimed  by  some  that,  unless  very 
carefully  done,  the  tamping;  is  liable  to  displace  or  pull  on  the  netting 
and  thus  disturb  concrete  that  has  already  taken  its  first  set  In  1894 
there  had  been  at  least  200  Monier  arches  built  in  Europe. 

Rolled  shapes  were  first  used  for  reinforcing  concrete  arches  by 
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R.  Wunsch,  of  Buda-Pesth,  Hungary,  in  1884.  The  arrangement  of 
the  steel  members,  which  may  be*- angles,  tees,  beams,  or  channels, 
either  rolled  or  built,  is  clearly  shown  in  Fig.  32.  Between  1884  and 
1894  Mr.  Wunsch  built  six  bridges  of  various  spans  from  13  ft.  4  ins. 
to  55  ft.  8  ins.,  the  rise  varying  from  16  ins.  to  45  ins.  It  will  be 
noticed  that  these  were  all  very  flat  arches.  An  arrangement  of,  or 
variation  from,  the  Wiinsch  arch,  which  is  believed  to  be  original,  is 
shown  in  Fig.  33.  This  permits  the  use  of  a  curved  instead  of  hori- 
zontal extrados,  and  thus  gives  to  the  system  a  wider  range  of  appli- 
cation. The  author  does  not  know  of  any  Wunsch  arches  in  which 
this  arrangement  has  been  used,  but  there  is  no  reason  why  it  should 
not  be  entirely  successful.  With  the  addition  of  transverse  steel  mem- 


Half    Plan. 
Fig.  32. — Wunsch  Arch,  Showing  Manner  of  Loading  and  Points  at  which 
Deflections  were  Measured  in  Test. 


bers  of  lighter  section,  so  as  to  tie  the  entire  arch  together  in  all  di- 
rections and  resist  the  stresses  due  to  shrinkage  and  the  thrust  of  the 
earth  filling  on  the  spandrel  walls,  it  would  be  as  effective  as  any 
system  yet  devised  for  reinforcing  concrete  arches,  and,  in  some  re- 
spects, superior  to  those  in  general  use. 

The  next  system  of  reinforced  concrete  arches  that  attracted  atten- 
tion was  that  of  Prof.  J.  Melan,  which  was  patented  in  the  United 
States  on  Sept.  12,  1893,  and  was  described  in  the  principal  claim  as 

"A  vault  or  arch  consisting  of  abutments,  beams,  or  girders,  arched 
ribs  rigidly  connected  with  said  abutments,  beams,  or  girders,  and  a 
filling  of  concrete  or  the  like  between  said  ribs,  substantially  as  de- 
scribed." 
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The  earlier  plans  for  Melan  arches  showed  the  "beam  or  girder"* 
as  descrrbed  embedded  in  the  concrete  of  the  abutment  and  with  the 
arched  ribs  riveted  or  bolted  thereto.  The  function  of  the  transverse 
reinforcement  at  the  skew-back  was  to  prevent  shrinkage  cracks  from 
opening  up  longitudinally  along  the  soffit,  caused  by  the  shrinkage  of 
the  concrete  in  the  ring,  the  older  concrete  of  the  abutment  having 
already  shrunk.  M.  Considere  clearly  points  out  the  danger  of  shrink- 
age cracks  occurring  when  fresh  concrete  is  laid  on  that  in  which  the 
shrinkage  has  already  taken  place  in  whole  or  in  part,  and  adxnses 
that  reinforcing  members  be  introduced  to  prevent  them.  In  most  of 
the  Melan  arches  built  in  America  these  "beams  or  girders"  have  been 
omitted  and  longitudinal  cracks  have  occurred  in  some  of  them.   Such 


Pig.  33.— Buel-Wimsch  System  of  Reinforcing  Concrete  Arches. 


cracks,  however,  do  not  usually  indicate  any  danger  of  failure,  but 
they  are  utisightly  and  may  be  the  occasion  of  alarm  to  the  public. 

The  Melan  system  of  arch  construction  was  introduced  in  the 
tJnited  States  by  Herr  Fr.  Von  Emperger  about  ten  years  ago,  and 
for  several  years  it  was  the  only  one  used  in  this  country.  About  34 
Melan  arch  spans  had  been  built  in  America  in  1899,  and  in  1904  the 
nunlber  was  considerably  over  1.00.  The  length  of  these  spans  varies 
ftohi  12  feet  to  125  feet,  and  one  of  136  feet  is  under  contract. 

Herr  Von  Emperger  afterwards  patented  a  system  of  reinforcement 
m  which  the  rolled  or  built-up  arched  ribs  of  the  Melan  system  were 
feplaced  by  bars  of  metal  embedded  in  the  concrete  near  and  parallel 
to  the  extrados  and  intrados,  the  bars  being  connected  by  lacing,  tie- 
bars,  or  struts,  but  the  system  has  not  come  into  general  use. 
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The  successful  introduction  of  reinforced  concrete  arch  bridges  in 
the  United  States  is  due  to  the  efforts  of  Mr.  Edwin  Thacher  more 
than  to  those  of  any  other  one  man.  Mr.  Thacher  was  the  first 
engineer  in  America  to  design  these  arches  according  to  the  elastic 
theory,  and  it  was  he  who  first  worked  out  a  comparatively  simple 
method  of  summation  by  which  this  method  of  computing  the  stresses 
can  readily  be  applied  in  practical  work. 

Almost  at  the  beginning  of  his  work  in  reinforced  concrete,  Mr. 
Thacher  perceived  that  the  shearing  stresses  in  an  arch  were  practi- 
cally negligible,  and  that,  therefore,  the  web  of  the  Melan  ribs  could 
•  safely  be  omitted  with  a  considerable  saving  in  metal.  He  secured  a 
patent  embodying  this  principle,  and  at  the  present  time  more  Thacher 
arches  are  being  built  in  America  than  any  other  one  kind. 

The  advantages  gained  by  reinforcing  concrete  arches  with  steel 
are:  ^ 

( 1 )  In  long  spans  the  thickness  of  the  ring  can  be  made  very  much 
less,  thus  reducing  the  dead  load  and  effecting  a  saving  of  50  per  cent, 
or  more  in  the  cost  of  the  ring. 

(2)  The  load  being  reduced,  the  thrust  is  correspondingly  less,  and 
the  abutments  may  be  very  much  smaller. 

(3)  Reinforced  with  steel,  the  working  unit  stresses  in  concrete  can 
be  considerably  increased  with  perfect  safety. 

(4)  The  danger  of  cracks  occurring  from  any  cause  can  be  pre- 
vented by  the  proper  distribution  of  the  reinforcing  metal. 

(5)  Arch  rings  of  such  forms  and  proportions  that  the  bending 
moments  would  render  them  impossible  with  any  ordinary  masonry 
can  be,  and  have  been,  constructed  of  reinforced  concrete  both  easily 
and  successfully. 

(6)  Much  longer  spans  are  practical  for  any  given  set  of  conditions 
than  could  be  seriously  considered  with  any  other  class  of  masonry. 

Tests  of  Reinforced  Concrete  Arches. — The  following  extracts  froni 
the  reports  of  the  extensive  tests  made  in  Austria  ten  or  twelve  years 
ago  are  taken  from  the  Engineering  Magazine,  no  complete  trans-^ 
lation  having  been  made : 

The  tables  herewith  presented  are  a  part  of  the  report  of  the  Arch- 
tests  Committee  of  the  Austrian  Society  of  Engineers  and  Architects. 
The  report  covers:  (i)  tests  of  17  floor  arches  with  spans  of  4  ft. 
4.3  ins.,  8  ft.  10.2  ins.,  and  13  ft.  3.6  ins.,  representing  all  kinds  of 
floor  construction;  (2)  tests  of  two  culverts  of  32.8  ft.  span  and  J^ 
rise;  (3)  tests  of  four  bridges  of  75  ft.  span  and  ^  rise;  (4)  an  ex- 
haustive series  of  tests  to  determine  the  strength  and  elasticity  of  all 
materials  used  in  the  above  arches;  (5)  a  theoretical  calculation  based 
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on  the  results  attained;  (6)  conclusion  from  the  result  in  regard  to 
theory  and  construction.  All  the  tests  were  made  under  the  strict 
supervision  of  the  most  prominent  engineers,  to  insure  conformity  to 
usual  practice,  while  the  theoretical  work  was  so  divided  up  that  each 
part  fell  to  an  expert.  A  full  record  of  deflection  and  other  details 
is  given. 

The  conclusion  derived  from  results  indicated  in  Tables  XIX  and 
XX  are:  (i)  concrete  arches  (i  14)  show,  in  both  cases,  adequate  di- 
mensions; (2)  the  Monier  arch,  with  one  wire  net,  has  failed  to  show 
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Table  XIX.— 

Tests  or 

Arches  wrrn  Spans  op  8  Feet  10.2  Inches. 

CoNCRBTB  Arch. 

MoNiBR  Arch. 

MoNiBR  Arch, 
CoNCRETB  Floor. 

No. 

Square 

Foot, 

Pounds. 

Thickness,  3%  ins. 
Rise.  9.  sins. 
Deailiad.  3.140  lbs. 

Thickness,  ii|  ins. 
Rise.  10^  ins. 
D^  Load,  2,460  lbs. 

Thickness.  aS  ins- 
Rise.  10^  ins. 
Dead  Load,  $,430  Vta. 

Movement  of  Arch. 

Movement  of  Arch. 

Movement  of  Arch. 

Vertical. 

Lateral. 

Vertical. 

Lateral. 

Vertical. 

LateiaL 

I 

102 

.04 

.008 

.04 

.01 

.03 

.004 

a 

204 

09 

.015 

.08 

.02 

.07 

.006 

3 

307 

17 

.04 

.16 

.04 

.13 

.03 

4 

409 

24 

.07 

.24 

.06 

.19 

03 

,•5 

512 

33 

.11 

.34 

.08 

.28 

.05 

6 

614 

42 

.16 

.43 

.11 

'37 

.07 

7 

716 

53 

.20 

.55 

.13 

'43 

.10 

8 

819 

64 

.25 

•^ 

.17 

.56 

.14 

9 

921 

79 

.31 

.83 

.22 

•71 

.18 

10 

1,024 

95 

.38 

1. 01 

.28 

.86 

.23 

II 

1,126 

1.03 

.29 

12 

1.33 1 

1. 21 

.35 

n 

„       ..L  _              A  * 

XT. 

^    I 

_         ^              l_ 

t-      1    ^ 

.      *.     1     £L 

•    ! 


Remarks. — j\t  No.  2,  for  the  concrete  arch,  a  horizontal  fissure  in  the 
unloaded  half  occurred.  On  No.  6,  for  the  same  arch,  a  crack  at  the  abut- 
ment occurred.  This  arch  totally  failed  at  1,109  Ihs.  per  square  foot, 
one-half  of  the  arch  being  loaded.  At  No.  10,  for  the  ifj-in.  Monier  arcK 
failure  occurred  with  1,217  lbs.  per  square  foot,  one-halt  of  the  arch  being 
loaded.  At  No.  10  of  the  2%-in.  Monier  arch,  a  longitudinal  crack  ap- 
peared.   This  arch  failed  with  eccentric  load  of  1,320  lbs.  per  square  foot 

the  superiority  claimed  for  it,  which  is  the  more  significant  because 
the  Monier  arch  has  been,  up  to  date,  the  most  favored  type  of  fire- 
proof construction  in  Central  Europe. 

The  report  disapproves  the  use  of  a  concrete  floor  with  the  Monier 
netting,  as  it  needs  1.85  times  more  concrete  and  gives  only  a  trifling 
increase  in  strength,  so  that  dirt  filling,  which  is  more  economical,  is 
preferable.  Referring  to  the  fact  that  both  concrete  arches,  with  or 
without  wire  netting,  have  shown  almost  the  same  behavior,  the  report 
further  says: 
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Compared  with  a  plain  concrete  arch,  a  concrete  arch  with  one  wire 
netting  has  shown  but  little  more  carrying  capacity,  so  that  the  dif- 
ference cannot  have  any  importance  to  the  ordinary  building  practice. 

It  is  also  concluded  that  a  little  thicker  concrete  arch  may  replace  it 

To  understand  this  condemnation  of  the  Monier  arch,  it  must  be 
considered  that,  besideS  the  wire  netting,  it  is  composed  of  a  more 
expensive  concrete,  to  wit,  mortar  i  -.3.  Engineers  have,  for  a  long 
time,  recommended  Monier  arches  with  two  wire  nettings  for  large 
spans,  as  it  is  evident  that  wire  is  needed  on  both  sides  of  the  arch 
and  not  in  the  center,  but  it  is  nearly  impossible  to  use  two  nettings 
in  a  small  span.  This  point  has  been  fully  justified  by  the  test  of  the 
Monier  arches  with  two  nettings  of  a  span  of  75  ft  and  15  ft  rise, 
which  may  be  well  to  insert  here,  so  as  not  to  make  a  faulty  impres- 
sion.   The  failure  occurred  under  a  one-sided  load. 


Material. 


Thickness. 


Center. 


Brick    

Stone    

Concrete   

Monier,  2  nets 


2  ft 

2  ft 

2  ft  3  ins. 
1  ft.  I  in. 


Haunches. 


3  ft.  6  ins. 
3  ft.  6  ins. 
2  ft.  3  ins. 

2  ft 


Breaking  Load 

per  Square 

Foot. 


590  lbs. 

65s  lbs. 

735  lbs. 

1,300  lbs. 


The  conclusion  of  the  greatest  importance  deduced  from  this  series 
of  experiments  is  that  the  elastic  theory  was  entirely  sustained,  the 
actual  deflections  agreeing  with  the  computations. 

The  value  of  Ec,  as  determined  by  tests  made  in  connection  with 
these  experiments,  is  very  much  less  than  has  been  customarily  as- 
sumed, and  was  first  stated  by  Prof.  Boek,  who  had  charge  of  this 
division  of  the  work,  at  only  750,000.  This  value  was  used  by  Herr 
Von  Emperger,  but  since  the  publication  of  the  full  report,  and  after 
a  more  careful  study  of  the  results  therein  given,  Mr.  Thacher  con- 
cludes that  the  value  of  £0=1,400,000  is  warranted  for  concrete  in 
large  masses  and  that  small  specimens  give  a  higher  value. 

As  Eo  has  such  a  wide  range  for  varying  conditions,  it  should  be 
fixed  by  special  experiments  for  very  important  works,  so  that  the 
conditions  of  the  experiments  will  coincide  as  far  as  possible  with 
those  of  the  actual  work.  A  high  value  of  E^  assumed  in  calculations 
gives  proportionately  high  stresses  in  the  concrete  and  low  stresses  in 
the  steel,  and  since  the  steel  in  an  arch  ring  of  reinforced  concrete 
cannot  be  stressed  up  to  an  amount  anywhere  near  its  safe  working 
unit  stress  without  exceeding  the  permissible  stress  in  the  concrete, 
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I  i 


iii 


Taujc  XX.* 

-TttTS  or 

No. 

Monies  Akch. 

4.160  lb..    ^* 

CoNCEBTs  Akch. 

Rise.  13^  (ns. 
Dead  load  of  aidi, 

Do^ad^lUliBff, 
4.560  u». 

Mblan  Aacii, 
SrAM.iy  11- 

ThickncM,  3^  iu. 

Riaa,  11.4  ins. 

Dead  load  of  trrjk, 

Dea^lrad  of  fiUmc. 
i.S«lhs- 

Movwnmt  of  Arch. 

Ifovunntof  Arch. 

MoreiDaitaf  Anh.. 

Vertical. 

Lateral. 

VerticaL 

Lateral 

VertkaL  {    LatorxL^ 

I 
a 
3 

4 

1 
I 

9 

lO' 

XI 

12 

102 
»5 

409 

li! 

I1O24 
1,028 
MI2 

.02 
.05 
.10 
.15 

:& 

.40 

.01 
.02 
.04 
.07 
.11 
.16 
.23 
.31 
.39 

.01 
.03 
.07 
.11 
.17 
.21 
.23 

.0 

.004 

.02 

.04 

.07 

.05 
.09 
.14 
.19 

:§■ 

.43 

-54 

1 

.30 

.0 

.004 

.02 

-04 
.07 
.o3 

.IZ 

.15 

.11 

.09 
.05 

Remarks, — The  ilj-in.  Monicr  arch  at  No.  4  developed  a  crack  at  the 
abutment,  and  at  No.  5  a  second  crack  in  the  unloaded  half.  At»No.  R  the 
movement  indicated  took  place  under  822  lbs.,  and  at  No.  9  the  arch  fail^^ 
after  2^  hours,  under  895  lbs.  per  square  foot,  including  dead  load.  The 
concrete  arch  developed  a  crack  at  No.  4,  throughout  the  entire  length  of 
the  arch,  at  the  abutment  The  movement  indicated  at  No.  7  for  the  con- 
crete arch  took  place  under  662  lbs.  This  arch  failed  under  812  lbs.  per 
square  foot,  including  dead  load.  The.Melan  arch  of  3^  in.  thickness  de- 
veloped at  test  No.  10  a  hair  ^rack  on  the  under  side  of  the  arch  about 
II  ft.  8  ins.  long,  visible  near  the  crown;  this  crack  did  not  widen  laier 
after  a  pause  of  18  hours. 

for  safety  in  calculating  the  stresses  £«  should  be  assumed  at  its  maxi- 
mum probable  value.  On  the  other  hand,  if  £«  is  assumed  at  its  mini- 
mum value  there  will  be  some  saving  in  the  amount  of  steel  required, 
but  this  will  not  be  very  great  compared  with  the  entire  cost  of  the 
structure.  In  the  large  masses  of  the  rings  of  arch  bridges,  the  value 
of  j&o  will  certainly  be  much  less  than  in  ordinary  beams,  slabs,  and 
test  specimens,  and  the  available  data  on  the  subject  fully  warrant 
the  assumption  that  r=jE,-s-Eo=20. 

I  Table  XXI  gives  the  results  of  the  experiments  made  with  a 
Wunsch  arch  by  the  Hungarian  government  in  1891.  The  arch  had  a 
dear  span  of  16  ft  6  ins.  and  a  rise  of  20  inches.  It  was  designed  for 
a  load  of  80  lbs.  per  square  foot,  in  addition  to  its  own  weight  Fif. 
32  shows  this  test  arch  in  plan,  elevation,  and  sections,  and  gives  the 
sizes  and  arrangement  of  the  reinforcing  metal. 
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The  points  at  which  the  deflections  given  in  the  table  wereilneas- 
ured  are  indicated  on  the  drawing.  There  was  no  measurable  hori- 
zontal movement  of  the  abutment,  but  this  may  have  been  due  to  the 
straight  horizontal  extrados. 

Table  XXI. — Results  of  Tests  of  Wunsch  Arch. 


Deflection  at  Point. 

Total  T^ad, 
Pounds. 

Load  per 

.Square  Foot, 

i^ounds. 

IT. 

III. 

IV. 

Inches. 

Ihches. 

Inches. 

2,844 

88 

O.Q4v 

5,049 

105 

.... 

0.04 

0.04'  » 

«,356 

25s 

.... 

0.16 

0.16* 

11,673 

360 

0.04 

0.27 

0.27t 

16,082 

470 

.... 

0.S9 

0.55^ 

18,287 

565 

0.75 

2.64 

1.978 

33,101 

1,010 



15.75 

*Between  Sections  I,  II,  and  IV,  V  fine  cracks.  tCrack  open  to  0.08. 
li  Crack  unchanged.  fCracks  increase  slowly  until  the  br^kdown. 
■■■  ■    ^  ; 1 

Table  XXII  gives  the  results  of  some  experiments  made  in  New 
York  by  Mr.  George  Hill  in  1894  and  1895.  Numbers  y6  and  y'/  were 
arched  steel  T-  and  I-beams,  respectively,  without  any  concrete,  and 
yS  to  87,  inclusive,  were  Melan  arches.  The  latter  were  about  ninety 
days  old  when  tested. 

A  five  years'  test  of  an  e^^perimental  reinforceq  concrete  arch  in 
Stuttgart,  Germany,  was  described  by  Herr  Hoch  in  a  lecture  before 
the  VVuerttemberg  Engineering  Society,  a  translation  of  ^yhich  by 
Mr.  Leon  S.  Moisseiflf  in  "Cement,"  of  January,  1905,  rq)roduces 
several  photographs  of  the  arch  under  loads,  and  diagrams  showing 
the  deflection  due  to  both  loads  and  changes  of  temperature  during 
the  several  years.  The  arch  had  a  span  of  65.6  ft.  and  a  rise  of  about 
5  ft.,  and  a  crown  thickness  of  4.7  ins.  It  was  reinforced  with  I-beams 
3.2  ins.  deep  embedded  in  the  concrete.  The  conclusions  deduced  from 
this  test  are  given  by  Mr.  Moisseiflf,  as  follows : 

"Great  care  must  be  given  in  designing  the  foundations  of  arches 
with  long  spans  and  small  rise  to  prevent  the  abutments  from  yielding. 

"For  such  structures  concrete  of  the  highest  resistance  should  be 
used,  and  the  greatest  care  exercised  in  selecting  the  materials  and  in 
mixing  and  laying  the  concrete. 

"Aided  by  the  iron  reinforcing,  the  concrete  is  enabled,  to  resist  not 
only  high  compressive  stresses,  but  also  high  tensile  stresses. 

"Changes  of  temperature  cause  very  considerable  movements  of  the 
arch,  but  the  adhesion  of  the  concrete  to  the  iron  is  not  impaired  by  it. 

"The  concrete  protects  the  iron  embedded  in  it." 
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TAII1.K  XXII.. 

-Results  of 

Test  of 

Melan 

Akchcs 

MAOC   nf 

1894   AND    1895. 

J 

Width. 

Areas. 

Loads. 

Vo, 

1 

Rise. 

Per           Per 

Defleo 
tkm. 

Total 

Loaded. 

TotaL 

Sq.  Ft       Sq.  Ft 

Area.       Loaded. 

Ft 

Int. 

Ft 

S<i.Ft 

Sq.Ft 

Lbs. 

Lbs. 

Lbs. 

Ids. 

76 

6 

7.00 

0.25 

14,000 

I. (a 

^ 

6 

6.66 

0.20 

14,000 
4,150 

0.87 

0 

6 

6.97 

6.00 

"ss" 

'3.16 

"5 

131 

^ 

6 

6.97 

3.00 

18 

324 

5,320 

296 

1.642 

0 

80 

6 

6.97 

6.00 

36 

9.90 

12,945 

^ 

IJIO 

0 

81 

6 

8.53 

4.00 

^ 

1. 00 

40,000 

1,667 

40.000 

0.43 

82 

6 

3.00 

1.25 

55.000 
58,750 

3,055 

44,000 

0.47 

P 

6 

7!28 

3.00 

18 

1-25 

3.260 

47,000 

^ 

7 

7-52 

6.00 

36 

1. 00 

55,000 

1.528 

55.000 

0.58 

5l 

6 

7.28 

3.00 

18 

1.50 

31,250 

1,735 

20,850 

0.49 

86 

.... 

.... 

32,500 

0.52 

87 

6 

7.28 

6.00 

"36" 

1. 00 

70,000 

1,945 

70,000 

O.IO 

Horizontal  Thnist 

Areas  in 
Compression. 

i 

Per  Square 

No. 

^ 

Material. 

Tierods, 
Tension. 

Ultimate 
Shear. 

TotaL 

Inch  of 
Material 

Steel. 

Con- 
crete. 

Steel 

Coo- 
Crete. 

Ins. 

Sq.Ins. 

Sq.Ina 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

76 

3 

Steel  T 

1.95 

.... 

84,250 

53.000 

3t).O00 

18.450 

77 

% 

Steel  I 
Rein- 

2.05 



84.250 

53,000 

37p8oo 

18.450 

78 

'1 

forced 
concrete 

1'" 

212 

168,500 

106,000 

5,360 

79 

4 

'• 

4.10 

106 

84,250 

53.000 

13,740 

80 

4 

** 

6.15 

212 

168,500 

106,000 

81 

3 

<< 

1.95 

70.5 

168,500 

106,000 

18.450 

880 

82 

4 

" 

4.10 

106 

168,500 

53.000 

135300 

36,900 

933 

83 

4 

II 

4.10 

106 

168.500 

53.000 

145.000 

36,900 

1,019 

84 

4 

tt 

2.05 

106 

168.500 

106,000 

153,800 

18450 

1,277 

85 
86 

87 

4 

11 

106 

84,250 

53.000 

87,900 

839 

4 

"• 

2.05 

'106 

168.500 

106,000 

180,800 

18450 

1.530 

Note. — In  the  calculations  here  made,  the  ultimate  tensile  strength  of 
the  tie-rods  is  assumed  to  be  50,000  lbs.  per  square  inch.  The  ultimate 
shearing  strength  of  the  rivets  in  single  shear  is  taken  to  be  30.000  lbs. 
per  square  inch. 

Approximate  Method  for  Computing  the  Stresses  in  an  Arch  Ring  of 
Reinforced  Concrete. — The  following  short  method  of  calculating  the 
stresses  in  reinforced-concrete  arches  was  given  by  Hcrr  Von  Emper- 
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ger,  who  stated  that  it  gives  results  that  compare  welfwith  the  exact, 
method  of  the  elastic  theory: 

Let  the  dead  load  in  pounds  per  square  ioot=vf; 
**    live  load  in  pounds  per  square  foot=:ttf; 
*•'  span  in  feet==/; 
"    rise  in  inches=r; 
''    thickness  of  concrete  in  inches=d|,  this  generally  equal  to 

height  of  beams; 
**    distance  between  beams  in  iliches=0;  and  further:': 


Concrete. 

SteeL 

Modulus  of  elasticity 

750,000 
ad 

la 

ad* 
6 

A, 

Section 

Moment  of  inertia 

Moment  of  resistance 

G>efficient  of  distribution 

a 

fi 

a-i-^=i. 


The  stresses  in  both  materials,  or,  what  is  practically  the  same,  the 
total  loads  W,  can  be  assumed  distributed,  W=W9+IV^  if  it  answer 
the  following  proportion : 


This  put  in, 


or 


wrEjr'A^r^*  ..... 


(I) 


(2) 


The  span  and  rise  being  given,  we  have  to  assume  the  s'izc  of  beam  if 

and  its  distance  a.  The  proportion  -^is  limited  by  the  necessity  that. 

the  concrete  body  has  to  act  as  a  main-  and  also  as  a  cross-beam.  It 
carries  /f'«=<»  («/+w)  as  a  main  girder  and  transmits  W ^^ P 
(tiZ+te;)  to  the  iron  beam. 

With  reference  to  the  elastic  theory,  in  cases  whcre'spans  in  two 
vertical  planes  occur,  by  reducing  the  allowed  tensile  stress  in  con- 
crete to  42  lbs.  per  square  inch,  we  get. 
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/8(w'+w) 


*»    /?X4?Xl44 


8o«4 


,    t3» 


If  we  find  the  a  of  our  choice  is  not  too  large,  we  proceed  to  get 
the  stresses  in  the  main  girders.  A  force,  H,  which  is  not  centnlij 
applied  to  a  section,  A,  produces  ct>nsequently  a  moment,  M,  with  the 
following  stresses*  in  the  outer  fibers : 

We  have  only  to  U3e  our  signs  tabuUted.aboYe,and  we  find  AcTtresi 
per  square  inch  in  the  concrete,  H  a^  Jf  in  equations  (4)  and  (5). 
bein^  for  i-in.  width  of  arch. 


/•- 


and  in  the  steel  beam. 


<?-^». 


/^^S.*fJ- 


b) 


(5) 


It  can  be  seen  at  a  gbnce  that  by  proper  choice  of  or  an4  A  ^"''■i^ 
mainly  depend  on  a  and  /,  the  tension  in  the  concrete  or  the  piessare 
in  the  steel  can  be  reduced  to  its  proper  limits. 

To  get  the  highest  tension  and  pressure,  we  most  consider,  as  pR- 
▼iously  stated,  a  half-loaded  span. 

The  horizontal  thrust  is  equal  to 

"-!(-'+?),' « 

r^  we  call  the  rectified  rise,  and  is  found  by  equation  (7) 


.(7» 


The  moment  in  a  section^  from  the  center  is 
For  a  full-loaded  span 
The  moment  at  the  crown  is 


The  moment  at  the  abutment  is 


(9) 


(10) 


(n) 
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The  last  three  equations  are  of  use  so  far  as  the  spandrels  are  con- 
sidered, while  for  ordinary  use  the  equations  (t)  to  (8)  will' be 
sufficient.  ' 

For  the  abutment  itself  we  have  to  compute  H  from  equation  (9); 
and  its  weight,  and  to  see  that  the  resultant  keeps  within  the  inner 
third  of  the  base;  and  further,  that  the  foundation  has  a  proper  area 
for  the  total  weight. 

Compared  with  other  arch  calculations  this  is  extremely  simple  ai;id 
correct  enough  for  practice  as  a  comparison  with  an  ^xact  method, 
since  we  have  introduced  the  moment  of  inertia  a^  the  section  in 
equation  (i).  . 

While  a  number  of  the  earlier  Melan  arches  built  in  America  were 
designed  according  to  the  above  approxipiate  method,  the  Conorete- 
Steel  Engineeri|fg  Company,  successors  to  the  Melan  Arch  Construc- 
tion Company,  now  use  the  more  exact  elastic  method  exclusively. 
The  approximate  method  is  safe  enough  for  all  ordinary  spans,  say 
up  to  100  ft,  but  it  is  not  economical.  Its  chief  value  now  is  in  the 
preparation  of  preliminary  estimates  and  in  getting  an  approximate 
thickness  of  ring  to  assume  for  use  in  the  calculation  by  the  elastic 
method,  so  that  in  correcting  the  thickness  of  the  ring  by  the  latter 
method  the  dead  load  will  not  be  materially  altered.  It  cannot  be 
recommended  for  exact  or  important  work,  and  when  a  sufficient  num- 
ber of  computations  by  the  elastic  method  have  been  accum.ulated, 
approximations  can  be  interpolated  from  them  more  satisfactorily 
than  they  can  be  calculated  by  the  approximate  method. 

Style  or  Shape  of  the  Arch  Ring. — Herr  Von  Emperger  assumed  the 
critical  point  of  the  ring  to  be  at  a  distance  of  three-sixteenths  of  the 
span  from  the  center  and  proportioned  the  ring  at  that  point  by  his 
equation  (8).  He  then  gave  the  ring  a  uniform  depth  for  a  length  of 
three-eighths  of  the  span  at  the  center  by  making  that  part  of  the 
cxtrados  parallel  to,  and  concentric  with,  the  intrados.  From  the 
points  three-sixteenths  of  the  span  each  side  of  the  center  to  the 
skew-backs  the  lines  of  the  extrados  were  tangent  to  the  curve  of 
the  central  part,  the  depth  of  the  ring  thus  gradually  increasing  from 
those  points  to  the  skew-backs  (see  Fig.  34).  This  rule  only  holds 
good  for  rings  in  which  the  intrados  is  segmental,  which  was  the  case 
in  nearly  all  of  Herr  Von  Emperger's  designs.  With  a  ring  of  this 
shape,  when  the  span  is  short,  or  the  ratio  of  the  rise  to  the  span 
relatively  large,  all  the  stresses  can  be  properly  provided  for  without 
great  difficulty  or  much  waste  of  material,  but  in  long-span  flat  arches 
the  moment  in  the  ring  near  the  springing  becomes  so  great,  the  pres- 
sure line  sometimes  passing  entirely  outside  of  the  ring,  that  the 
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proper  adjustment  of  the  sections  is  by  no  means  easy,  and  the 
amount  of  material  required  is  excessive. 

The  first  reinforced-concrete    arches  in  America,  to  be  designed 
strictly  according  to  the  elastic  method,  were  those  in  the  Topeka 
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Fig.  34.— Melan  Arch  with  Von  Empcreer  Style  of  Ring.    Thachcr's  Arch 

and  Style  of  Ring. 

(Depths  of  Ring  are  measured  normal  to  the  neutral  axis.) 

bridge.  After  determining  the  lines  of  pressure,  Mr.  Thacher  intro- 
duced sharp  curves  in  the  intrados  at  the  ends  and  used  a  consider- 
ably larger  radius  for  the  extrados,  in  order  to  fit  the  shape  of  the  ring 
to  the  pressure  line  and  avoid  moments  producing  excessive  tension  in 
the  concrete. 

In  his  succeeding  designs  Mr.  Thacher  has  generally  used  three 
and  rarely  five  centered  curves  for  the  intrados  and  a  length  of  radius 
for  the  extrados  that  gives  a  depth  of  ring  at  the  two  quarter  points, 
distant  one-quarter  of  the  span  from  the  center,  of  about  one  and  a 
quarter  times  the  depth  at  the  crown  (see  Fig.  34).  This  saves  some 
material  at  the  crown  over  Herr  Von  Emperger's  form  of  ring. 

In  an  article  in  the  Engineering  News  of  September  21,  1899,  Mr. 
Thacher  says: 

An  economical  concrete-steel  arch  is  usually  neither  a  segment 
nor  a  parabola,  and  the  moment  of  inertia  at  the  end  is  frequently 
thirty  times  as  great  as  at  the  center,  which  is  very  important  to  con- 
sider. In  late  designs  for  concrete-steel  arches  the  writer  (Mr. 
Thacher)  has  endeavored  to  have  the  line  of  pressure  lie  within  the 
middle  third  of  the  arch  ring,  and  have  no  tension  on  the  concrete 
from  dead  or  live  load.  By  a  due  amount  of  patience  this  can  usually 
be  done,  not  only  as  regards  dead  and  live  loads,  but  temperature 
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stresses  as  well.  The  writer,  however,  has  never  succeeded  in  doing 
this  economically  with  a  segmental  arch.  He  prefers  and  generally 
uses,  with  solid  spandrel  filling,  a  three-centered  arch,  as  it  is  less 
troublesome  to  construct,  and,  he  thinks,  is  more  pleasing  to  the  eye 
than  a  five-centered  or  elliptical  arch,  though  the  latter  (ellipti- 
cal) WILL  FREQUENTLY  TAKE  LESS  MATERIAL.  Archcs  with  soHd  Span- 
drel filling  should  be  flat  at  the  center  and  sharper  at  the  ends,  ap- 
proaching an  ELLIPSE ;  while  arches  with  open  spandrel  spaces  should 
be  sharp  at  the  center  and  flatter  at  the  ends,  approaching  a  parabola, 
or,  which  is  better,  sharp  at  the  ends  and  center  and  flat  at  the 
haunches. 

The  author's  experience,  which  includes  the  design  of  a  number  of 
elliptical  arches,  several  of  which  have  been  built,  agrees  with  Mr. 
Thacher's  on  the  point  that  elliptical  arches  are^  economical,  but  differs 
from  his  in  that  they  have  not  proved  to  be  more  difficult  to  construct 
than  three-centered  arches. 

It  seems  almost  unreasonable  to  say  that  a  three-centered  curve, 
with  its  abrupt  change  of  radius,  is  more  pleasing  to  the  eye  than  an 
elliptical  curve,  when  we  consider  that  the  fairest  curve  of  all,  the 
circle,  presents  the  appearance  of  an  ellipse  from  every  point  of  view 
except  those  on  a  line  perpendicular  to  its  plane  at  the  center. 

In  very  many  cases,  if  not  in  all,  with  a  semi-ellipse  for  the  in- 
trados  and  a  segmental  extrados,  the  neutral  axis  can  be  made  to 
coincide  with  the  pressure  line  as  nearly  as  is  possible  with  any  other 
curves.  In  the  arch  rings  of  Prof.  Burr's  design  No.  3  for  the  "Me- 
morial Bridge,"  at  Washington,  D.  C,  computed  and  designed  on  these 
lines  by  the  author,  the  pressure  line,  with  the  live  load  on  one-half 
of  the  span  only,  lay  so  close  to  the  neutral  surface  that  the  moments 
at  all  intermediate  points  were  almost  negligible. 

Whether  or  not  the  elliptical,  parabolic  or  three-centered  curve  is 
the  best  for  a  solid  re  in  forced- concrete  arch,  it  is  certain  that  a  seg- 
mental curve  does  not  come  anywhere  near  what  is  required  by  the 
true  line  of  pressure. 

Before  leaving  the  subject  of  the  shape  of  arch  rings  it  may  be 
well  to  give  a  brief  description  of  the  principal  styles  and  the  uses  to 
which  they  are  best  adapted. 

The  original  arch,  at  least  in  Europe,  is  the  semi-circular,  or 
Roman,  illustrated  in  Fig.  35.  Where  the  available  height  permits  of 
its  use  it  is  economical,  because  the  horizontal  thrust  is  less  than  in 
any  flatter  arch,  and  it  can  often  be  employed  with  good  effect 

While  the  pointed  arch  is  said  to  have  been  used  much  earlier  in 
Oriental  countries,  it  did  not  appear  in  Europe  until  about  the  fifth 
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or  sixth  century  a.d.  There  are  four  principal  forms  of  the  Gothic 
arch,  namely,  the  equilateral,  lancet,  depressed,  and  four-centered  or 
Tudor  arches,  which  are  shown  in  Figs.  36,  37,  38,  and  39.  respec- 
tively.    The  pointed  arches  are  rarely  used  in  bridges,  but  arc  par- 


FiG.  35. 
Roman  or  Semi-circular 
Arch. 


Fig.  36. 
Gcthic  or  Pointed  Arch, 
Equilateral. 


Fig.  37- 
Gothic  or  Pointed  Arch, 
Lancet 


Fig.  39. 

Gothic  or  Pointed  Arch, 
Tudor  or  Four-centered. 


Fig.  40. 
Semi-elliptical  Arch. 


Fig.  38. 
Gothic  or  Pointed 
Arch,  Depressed. 

ticularly  adapted  to  cases  where  there  is  a  heavy  load  directly  over 
the  center  of  the  span. 

Fig.  40  shows  a  flat  arch  in  which  the  intrados  is  a  semi-ellipse  and 
the  extrados  segmental. 

Two-hinged  and  three-hinged  arches  are  illustrated  in  their  theo- 
retical form  in  Figs  41  and  42.  These  are  segmental  arches,  and 
properly  so,  and,  in  the  opinion  of  the  author,  whenever  it  is  neccs- 
.sary  to  build  segmcntal-arch  bridges  of  any  considerable  span  they 
should  have  either  two  or  three  hinges.  There  can  be  no  moment  at 
the  hinges  except  that  due  to  friction  in  the  hinges,  and.  therefore, 
the  depth  of  the  springing,  instead  of  being  much  greater  than  other 
parts  of  the  ring,  need  only  be  sufficient  to  transmit  the  thrust  to  the 
hinge.  Hinged  arches  have  been  quite  extensively  used  in  Europe 
with  reinforced  concrete,  as  well  as  with  stone  voussoir  and  plain 
concrete  rings,  with  the  object  of  preventing  cracks  due  to  the  move- 
ment of  abutments  or  piers.  The  American  practice,  however,  is  to 
expend  a  little  more  on  the  foundations  to  make  them  secure,  which 
can  generally  be  done,  and  avoid  the  complication  of  hinges.  Hinges 
reduce  rigidity  and  increase  deflections. 
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In  both  the  Roman  and  Gothic  arches  the  intrados  is  tangent  to  the 
verticals  at  the  springing  Unes.  This  ^feature  is  preserved  even  in  the 
tiat  Tudor  arch.  In  a  flat  arch  ring  without  hinges  the  intrados 
must  be  tangent  to  the  vertical  as  in  the  semi-elliptical  ring,  or  nearly 
so^  as  in  the  three-centered  or  multi-centered  curves,  or  heavy  mo- 
merits,  and  generally  tension,  will  exist  in  the  ends  of  the  ring  near 
and  at  the  skew-backs.    The  semi-elliptical  ring  not  only  economically 


Fig.  41. — Two-hinged  Segmental  Arch. 


Fig.  42. — Three-hinged  Segmental  Arch. 

fulfills  the  statical  requirements,  but  has  more  points  in  common  with 
the  classic  Roman  semi-circular  ring  than  any  other  flat  arch.  It  is 
claimed,  however,  by  many  architects  that  the  elliptical  curve  if  too 
flat' is  not  pleasing.  An  arch  of  55  ft.  span  and  11  ft.  rise,  built  from 
a  design  by  the  author,  had  a  semi-elliptical  intrados  in  which  the 
minor  axis  was  y*^  the  major  axis.  The  elliptical  arches  in  the 
Zaneiville  Y  bridge  are  much  flatter  than  this,  but  they  are  not  full 
sehii-ellipses.  The  elliptical  arches  in  the  Memorial  Bridge  competi- 
tion had  a  rise  of  one- fourth  the  span*;  that  is  to  say,  the  minor  axis 
was  one-half  the  major  axis. 
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The  general  practice  of  European  designers  of  voussoir  arches  has 
been  to  increase  the  radial  depth  of  the  ring  from  the  crown  to  the 
skew-back.  This  is  commonly  done  in  segmental  rings  by  making  the 
radial  depth  of  the  joints  divided  by  the  secant  of  the  angle  between 
the  joint  radius  and  the  vertical  constant  throughout  the  ring.  This 
agrees  fairly  well  with  the  theoretical  shape  of  ring  required  by  the 
moments  and  thrusts;  that  is  to  say,  the  theoretical  ring  of  a  solid 
arch  always  increases  in  depth  from  the  crown  to  the  springing. 

An  approximate  depth  of  the  ring  at  the  crown  for  rein  forced- 
concrete  arches  may  be  found  by  the  formula  K=^oi$  (S+^F), 
where  /C=the  depth  of  the  crown,  5'==the  span,  and  F=the  rise  cf 
the  intrados,  all  in  feet  This  should  only  be  used  to  find  the  trial 
ring  and  weights  for  use  in  the  elastic  method,  and  only  then  when 
more  reliable  data  are  not  available.  It  will,  however,  generally  give 
dimensions  so  close  that  the  assumed  dead  load  will  be  near  enough 
to  the  final  weights  of  the  adjusted  ring  to  make  a  recalculation  un- 
necessary. 

The  formula  given  in  Trautwine's  Pocket-book  is  not  correct  and 
cannot  be  relied  upon.  It  does  not  conform  to  the  principle  governing 
the  pressure  line  in  arch  rings,  that  the  greater  the  rise  (or  the  less 
the  radius,  R)  the  greater  the  moments,  and  the  flatter  the  arch  (or 
the  greater  the  radius)  the  less  will  be  the  moments,  other  things 
being  equal.  But  Trautwine's  formula,  K=o.2+yiyy R+o.^S,  makes 
the  depth  of  ring  vary  with  the  radius.  Except  in  rare  cases  of  very 
long  spans  or  very  flat  arches,  the  question  of  direct  crushing  due  to 
thrust  does  not  come  up,  or  at  least  is  not  the  determining  factor  in 
fixing  the  depth  of  the  ring.  The  amount  of  the  bending  moment  is 
generally  the  chief  factor  to  be  considered  in  designing  an  arch  ring. 

The  Elastic  Theory. — The  elastic  theory,  which,  since  its  verification 
by  the  Austrian  experiments,  may  be  termed  the  law  of  flexure  in  solid 
arches,  affords  an  exact  method  for  computing  the  stresses  in  an  arch 
of  any  form  or  style  and  of  constant  or  variable  cross-sections  that 
is  fixed  at  the  skew-backs  and  continuous  at  the  crown.  It  is  also 
applicable  to  arches  hinged  at  the  ends  only,  for  which  case  the  solu- 
tion is  very  simple  if  the  friction  in  the  hinges  is  neglected.  The 
theory  holds  good  for  any  material  or  combination  of  materials  that 
is  homogeneous  throughout  the  length  of  the  ring  from  skew-back  to 
skew-back.  Even  for  stone  voussoir  arches  the  method  of  the  elastic 
theory  gives  more  accurate  results  than  any  other  that  has  been  pub- 
lished, provided  the  line  of  pressure  does  not  pass  outside  of  the 
middle  third  and  that  the  joints  are  thin,  laid  in  good  Portland-cement 
mortar,  and  allowed  to  harden  before  the  centers  are  struck. 
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Briefly,  the  method  consists  in  finding  the  true  equilibrium  polygon 
for  any  given  arch  and  system  of  loading  and  its  true  position  in  the 
arch  ring.  The  conditions  which,  when  fulfilled,  give  these  results 
are :  ( i )  that  the  tangents  to  the  neutral  line  of  the  ring  at  the  spring- 
ing are  fixed  in  direction;  (2)  that  the  span  is  invariable;  and  (3) 
that  the  vertical  deflection  of  one  springing  line  with  respect  to  the 
other  is  zero.    Expressed  mathematically,  these  conditions  are; 


and 


^Afxs 


in  which  s  is  the  length  of  a  small  division  or  segment  of  the  ring 
measured  on  the  neutral  line  and  y  and  x  are,  respectively,  the  ordi- 
nate and  abscissa  of  the  center  of  s  with  the  origen  at  one  springing. 
For  a  reinforced-concrete  ring  these  equations  of  condition  take  the 
form 

^       Ms       

^       Mys        ___ 
^^,(/,  +  ^/.)-°' 
and 

^        Mxs 

Let  H==the  horizontal  thrust,  which  is  constant  throughout  the  ring 
for  any  given  loading; 
f=4he  intercept  of  the  ordinate  between  the  neutral  axis  and  the 
line  of  pressure; 
M=Ht; 
and  €  —  E^~^- E^  practically  constant  throughout 

Then  if  we  make  j -j- (/« -|- ^Z.)  constant,  by  construction,  the  term 
'"^         may  be  placed    outside  of  the    sign  of  summation  and  we 

have 

2/=o,      2fy=zo,      and      2/x=o, 

In  most  cases  it  will  be  sufficiently  exact  to  assume  that  I^-^ I^  id 
constant  throughout  the  ring,  and  therefore  that  making  s-^I^  con- 
stant fulfills  the  condition. 

Since  /c=^^-^-I2,  where  V  is  the  thickness  of  the  slice  of  the 
ring  considered,  usually  12  inches  (i  foot),  and  1%  is  the  radial  deptii 
of  the  ring,  we  may  construct  s-^h^  constant. 


134 


REINFORCED   CONCRETE. 


While  the  elastic  theory  is  exact,  the  approximations  introduced  in 
its  practical  application  are  not  mathematically  so.  But  it  is  a  well- 
known  fact  that  approximations  or  assumptions  are  introduced  in 
every  analysis  of  structural  work,  either  in  the  methods  of  compu- 
tation or  in  fixing  the  data.  Considering  the  entire  problem,  begin- 
ning with  the  assumption  of  the  loading  and  resulting  in  the  final 
determination  of  the  intensity  of  the  stresses,  the  degree  of  accuracy 
secured  by  this  method  is  as  high,  if  not  higher  than  those  in  general 
use  for  computing  the  stresses  and  sections  of  the  most  simple  ele- 
ments of  engineering  and  architectural  structures. 

Theoretically,  the  ring  should  be  divided  into  an  infinite  number  of 
segments,  making  s  infinitely  small ;  therefore,  the  larger  the  number 
of  segments  into  which  the  ring  is  divided,  the  more  accurate  will  be 
the  result 

When  the  variations  of  the  values  of  /o~'~A  for  different  parts  of 
the  ring  are  greater  in  percentage  than  the  probable  error  in  the 
assumption  of  the  loads,  or  than  the  maximum  permissible  error  in 
the  final  stresses,  J  -+-(/« -f  //,)  must  be  made  constant 

In  important  cases  of  sufficient  magnitude  the  value  of  -£*«  may  be 
predetermined  by  experiments  carefully  conducted  to  represent  the 
local  conditions,  which  should  then  be  closely  followed  in  the  execu- 
tion of  the  work. 

The  conjugate  pressure  of  the  earth-fill  always  acts  to  increase 
stability,  and  may  be  neglected,  or  it  may  be  avoided  by  constructing 
the  arch  with  hollow  spandrels.  With  very  short  spans  and  with 
-very  flat  arches,  unless  very  long,  hollow  spandrels  are,  of  course,  not 
practicable.  But  great  refinement  in  computing  the  stresses  or  rigid 
economy  in  the  design  of  the  ring  are  not  so  important  in  very  short 
spans,  and  in  very  flat  arches  the  conjugate  pressure  is  so  small  that 
its  effect  may  be  neglected,  as  it  is  always  on  the  side  of  safety.  The 
flatter  the  arch  the  less  will  be  the  amount  of  the  conjugate  pressure 

Open  Spandrels. — With  hollow  or  open  spandrels  the  roadway  is 
supported  by  floor  arches,  beams,  or  slabs  carried  by  transverse  walls 
or  columns.  When  columns  are  used  they  may  be  built  of  masonry, 
steel,  or  reinforced  concrete,  and  so  disposed  as  to  favorably  distribute 
the  loads  on  the  ring. 

The  architectural  treatment  of  open  spandrel  construction  is  usually 
in  the  arcade  style,  and  properly  so,  although  the  colonnade  style  may 
sometimes  give  satisfactory  results.  In  many  cases  the  effect  is  far 
better  than  can  be  secured  by  any  treatment  of  the  large  blank  spaces 
of  spandrel  walls,  and  greater  diversity  in  design  is  permitted. 

A  few  hollow  spandrel  arches  have  been  built  with  longitudinal 
walls,  giving  the  appearance  of-  solid  spandrels    When  the  longitudi- 
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nal  spaces  are  spanned  by  floor  arches  it  is  customary  to  use  tie-rods 
to  resist  the  outward  thrust  on  the  outside  walls.  The  drainage  of  the 
enclosed  spaces  requires  as  much  attention  as  in  solid-filled  spandrels, 
and  the  conjugate  pressure  of  the  earth-fill  is  replaced  by  that  of  the 
walls,  both  of  which  are  avoided  when  transverse  walls  or  columns 
are  used.  In  solid  spandrel  arches  of  reinforced  concrete,  the  ring  has 
a  tendency  to  deflect  more  than  the  spandrel  walls,  on  account  of  the 
greater  depth  of  the  latter,  and  in  a  number  of  cases,  notably  in  the 
Juanadias  Bridge  in  Porto  Rico,  wide  cracks  have  opened  up  between 
the  ring  and  the  spandrel  walls.  The  spandrel  wall  then  becomes  an 
independent  arch  unsupported  by  the  ring.  This  may  be  prevented 
by  constructing  the  walls  with  slip  joints  or  by  tying  the  ring  to  the 
walls  with  vertical  rods.  Neither  remedy  is  entirely  satisfactory,  but 
the  second  is  particularly  objectionable,  because  it  changes  the  stresses 
throughout  the  structure  and  makes  them  difficult,  if  not  impossible, 
to  analyze-  This  objection  applies,  but  in  a  lesser  degree,  to  the  lon- 
gitudinal walls  of  a  hollow  spandrel. 

Open  spandrels  with  transverse  walls  or  columns  oflFer  the  follow- 
ing additional  advantages:  The  dead  load  and,  consequently,  the 
stresses  are  reduced,  thus  requiring  less  material,  both  in  the  ring 
and  the  abutments,  and  reducing  the  cost  of  the  structure  by  a  con- 
siderable amount.  The  ring  is  loaded  at  definite  points,  which  may 
is  made  to  correspond  with  the  points  of  loading  assumed  in  the  cal- 
culations. The  lateral  stresses  due  to  the  thrust  of  the  earth-fill  are 
entirely  eliminated.  Water  cannot  collect  in  the  spandrel  spaces.  The 
extrados  is  open  for  inspection,  and  the  ring  can  be  examined  on  all 
sides  at  any  time.  Any  kind  of  pavement  can  be  laid  as  soon  as  the 
ring  and  spandrel  supports  are  completed,  without  waiting  for  the  fill 
to  settle.  With  open  spandrels  the  ring  may  be  built  in  two  or  more 
ribs,  with  far  greater  facility  and  economy  than  with  solid-filled  span- 
drels. 

The  Ribbed  Ring. — By  constructing  the  arch  ring  in  several  parallel 
ribs  from  25  to  35  per  cent,  of  the  cost  of  the  ring  can  be  saved.  The 
consequent  reduction  in  weight  will  also  permit  a  further  saving  to 
be  made  in  the  material  and  cost  of  the  abutments.  By  giving  the  ribs 
a  radial  depth  slightly  greater  than  would  be  used  for  a  ring  of  the 
full  width  of  the  bridge,  a  more  economical  distribution  of  material 
results,  and  the  moment  of  inertia  of  a  section  of  the  ring  is  increased. 
In  bridges  with  very  wide  roadways  carrying  trolley  tracks,  the  ribs 
supporting  the  heavier  loads  of  the  tracks,  etc.,  may  be  made  deeper 
or  thicker  than  the  others,  and  by  thus  proportioning  each  rib  to  its 
particular  duty  the  maximum  of  economy  is  attained. 

The  modified  Wiinsch  arch  illustrated  in  Fig.  33  is  particularly  well 
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adapted  to  the  construction  of  arch  rings  in  parallel  ribs.    The  tn- - 

verse  latticed  struts,  which  may  be  built  of  very  light  material,  sJv'^  ■' 

extend  over  the  full  width  of  the  ring  and  be  enclosed  in  conLrr:c 

between  the  ribs,   to  form  rein  forced-concrete  transverse  struts    r 

I  beams.   The  author  has  worked  out  two  complete  designs  on  thi*^  hvx. 

i    j  using  open  spandrels  with  rein  forced-concrete  columns  and  ril^<    t 

i    I  variable  depth  proportioned  to  the  loads.    While  neither  of  thesi  b^> 

I  !  been  built,  very  satisfactory  details  were  obtained  without  any  unusual 

J  difficulties,  and  the  greatest  economy  resulted  without  the  sacrifice  ^^t 

i  any  essentials. 

Abutments. — While  the  clastic  theory  is  based  on  the  assumpn  "^ 
that  the  abutments  are  rigidly  immovable,  the  effect  of  a  slight  hori- 
zontal movement  on  the  stresses  may  be  computed  by  precisely  the 
same  method  as  will  be  given  for  thermal  stresses,  the  application  of 
;  which  will  readily  be  seen. 

'  It  can  be  shown  that  the  elastic  yielding  of  the  material  of  tk 

abutments  does  not  produce  an  appreciable  effect  on  the  stresses  cm 
account  of  their  relatively  large  section  and  moment  of  inertia  ss 
compared  with  the  section  of  the  ring. 

Care  should  be  taken  to  keep  the  angle  between  the  resultant  thni^ 
and  the  perpendicular  to  the  bed  of  each  layer  or  course  of  conmie 
inside  of  the  angle  of  repose,  or  say  30  degrees.  If  founded  in  ^l"^tt 
material  on  piles,  about  half  of  the  latter  should  be  driven  at  an  anfk 
with  the  vertical  of  not  less  than  20  degrees,  and,  if  practicabl'.  5^^ 
degrees. 

Thermal  Stresses.— If  D  is  the  deflection  of  the  crown  due  n^  tk 
change  of  length  of  the  ring  with  changes  of  temperature,  and  H  tk 
corresponding  horizontal  thrust,  then 


N  = 


DEJ/,  \  ir/.) 


c>:r 


By  tabulating  the  values  ot  xy  for  all  the  segments,  j,  of  the  ni£ 
from  one  springing  to  the  other  the  solution  is  extremely  simple.  sin\:^ 

^°<^'  +  '^->   is  constant. 
s 

The  following  is  another  method,  the  demonstration  of  which  i^ 

given  by  Prof.  Cain: 

Let  /=the  span  of  the  neutral  surface; 

c==change  of  temperature  of  the  ring  in  degrees  Fahrenheit; 
r=rate  of  expansion  per  degree  Fahrenheit; 

«  =number  of  divisions  or  segments  of  the  ring,  s; 
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then  „  EJrc        T^  —  el^  .  . 

The  summations  of  y^  and  y  may  be  taken  for  half  the  span  and 
multiplied  by  two. 

The  thrust  on  any  section  will  be  the  resultant  of  H  perpendicular 
to  that  section,  and  the  bending  moment  will  be  ^ 

M=H{y^vi) (14) 

A  full  demonstration  of  the  elastic  theory  and  its  practical  appli- 
cation is  given  in  "Theory  of  Steel-Concrete  Arches,"  by  Prof.  Will- 
iam Cain,  and  also  in  "Theory  of  Solid  and  Braced  Elastic  Arches," 
by  the  same  author  (Van  Nostrand's  Science  Series  Nos.  42  and  48). 
The  method  used  in  the  examples  that  will  be  given  is  essentially  that 
of  Prof.  Cain,  with  the  construction  of  the  deflection  polygons  from 
Prof.  Burr's  "Stresses  in  Bridge  and  Roof  Trusses."  The  method  of 
finding  the  summations  by  tabulation  is  due  to  Mr.  Thacher.  The 
modifications  introduced  in  the  second  and  third  examples  by  the 
author  reduce  the  number  of  scaling  operations  on  the  diagram  and 
give  greater  accuracy-  Further  reference  may  be  had  to  "Researches 
in  Graphical  Statics,"  by  Prof.  H.  T.  Eddy. 

Stresses  in  the  Ring. — Having  found  the  thrusts  and  bending  mo^ 
ments,  the  intensities  of  the  stresses  in  all  parts  of  the  concrete  and 
of  the  steel  reinforcement  are  easily  computed  by  the  following  for- 
mulas, published  in  the  Engineering  News  of  Sept.  21,  1899,  by  Mr. 
Edwin  Thacher.  The  notation  is  mostly  the  same  as  that  used  in 
Chapter  H,  but  to  facilitate  reference  is  given  here  in  full : 

-Co = coefficient  or  modulus  of  elasticity  of  concrete. 

i£',= coefficient  or  modulus  of  elasticity  ot  steel. 

e    =£,^£^. 

-^e  =  area  of  section  of  concrete  one  inch  wide,  square  inches. 

-<4,=area  of  section  of  steel  in  width  b,  square  inches. 

a   =area  of  steel  per  inch  width=^, -*-^,  square  inches. 

/o  =  moment  of  inertia  of  concrete,  A^  about  the  neutral  axis  of  the 
combination. 

/.  =moment  of  inertia  of  steel,  a,  about  the  neutral  axis  of  the  com- 
bination. 

y^  =  intensity  of  stress  in  the  concrete. 

y;  =  intensity  of  stress  in  the  steel. 

h  =depth  of  concrete  in  inches. 

hf  =depth  of  steel  in  inches. 

u  =distance  from  neutral  axis  of  the  combination  to  outer  fiber  of 
the  concrete,  inches. 
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V  ^distance  from  neutral  axis  of  the  combination  to  outer  fiber  of 

steel,  inches. 
T  =thrust  on  section  one  inch  wide,  pounds. 
Af  =bending  moment  on  section  one  inch  wide,  foot-pounds. 
P  =pressure  on  line  of  pressure  on  section  one  inch  wide,  pounds. 
f  =distance  from  neutral  axis  of  combination  to  line  of  pressure  in 

inches,  taken  normal  to  line  of  pressure. 
k   =distance  from  center  of  gravity  of  steel  to  bottom  of  concrete, 

inches. 
b   =distance  from  center  to  center  of  steel  members  in  the  direction 

of  the  width  of  the  arch,  inches. 

For  sections  in  which  the  steel  reinforcement  is  symmetrically  dis- 
posed about  the  center  of  gravity  of  the  concrete, 

eT  ^  Uh'Af 
^*^A,\ea       I,,el. ^''' 

For  sections  in  which  the  steel  is  not  symmetrically  disposed  about 
the  center  of  gravity  of  the  concrete, 

or 

T  iiuAf  -  g. 

or 

Ht  may  be  written  for  Pt'  in  (17)  and  (19). 

The  height  of  the  neutral  axis  of  the  combination  above  the  soffit 
of  the  arch  or  bottom  of  the  concrete  is  equal  to 

(^^  \  eak)^{A,^-ea).    .......    (21) 

The  section  of  the  steel  reinforcement  should  not  be  less  than  one 
square  inch  for  each  square  foot  of  the  cross-section  of  the  concrete 
at  the  crown,  or  make  A^  equal  to  or  greater  than  hb-^i^  h  being 
the  depth  at  the  crown. 

Some  engineers  proportion  the  steel  to  take  the  entire  bending  mo- 
ment in  the  ring  without  assistance  from  the  concrete  and  not  exceed- 
ing the  limit  of  elasticity  of  the  steel.    Such  a  distribution  of  stresses 
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cannot  occur  unless  the  concrete  fails,  and  in  a  properly  designed 
ring  in  which  the  line  of  pressure  is  everywhere  within  the  middle 
third  the  precaution  is  not  necessary.  To  comply  with  this  condition, 
the  limit  of  elasticity  of  the  steel  being  36,000  pounds  per  square 
inch, 

A^Afz/-j-3,ooo, (22) 

and  for  sections  in  which  the  steel  is  symmetrically  disposed  about 
the  center  of  gravity  of  the  concrete 

a  ^'M-^  1,500^'' ...    (23) 

or 

A^>Mb^\,Sooh' (24) 

Example  i. — ^This  example  shows  the  determination  of  the  stresses 
and  sections  in  detail  for  an  arch  for  a  highway  or  city  bridge,  to 
consist  of  two  duplicate  spans  with  multi-centered  intrados,  approxi- 
mately the  semi-ellipse. 

Fig.  43  is  the  graphic  diagram  showing  the  line  of  pressure  and 
thrusts.  The  clear  span  of  the  arches,  L=^2'.5,  and  the  elevation  af 
the  street  grade  is  just  4  feet  above  high  water.  The  elevations  of 
the  profile  knd  the  limiting  points  on  the  arches  are  as  follows : 

•     Elevation  of  grade  of  roadway  +275.40  ft 

'*  "    top  of  arch  ring  at  crown +274. 15  " 

"  "  '  intrados  at  crown  +273.40  " 

"  "    high  water  •   +271.40  " 

"  "    foundation  +255.00  " 

"  "    center  line  or  neutral  axis  at  crown      +273.775  ft 

"  "   center  line  or  neutral  axis  at  springing +2(58,525  " 

Risc=r  (or  vers  sine)  of  neutral  axis  {=%  of  the  span, 
nearly) .      5.25  ft 

^  A'       /   .     y         „     f^+(L''^4)      5>25'+(42.5^-^4)  ^    ^^ 

Radms  of  center  lme=/c= = c=4e.6^  ft 

2r  2X5-25  ^   ^ 

The  ring  was  proportioned  and  subdivided  into  10  divisions  or  seg- 
ments, "s,"  so  as  to  make  s-r-h^  constant,  as  given  in  Table  XXHIy 
the  correct  spacing  being  obtained  on  the  third  trial. 

The  loads  are  then  computed  by  Table  XXIV  for  each  division  'V' 
and  for  greater  accuracy  in  scaling  them  on  the  load  line  the  sum- 
mation of  the  weights  from  the  center  to  each  springing  are  given.^ 
The  live  load  is  placed  over  half  the  span,  to  give  maximum  or  nearly 
maximum  moments. 
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Table  XXIII. 


Point. 


First  Trial. 


Second  Trial. 


Third  TriaJ* 


A* 


A* 


1.60 

4.10 

7.20 

1.56 

3.80 

9.00 

I. JO 

2/4 

1.20 

1.73 

3.04 

1. 10 

1-33 

3-iS    ' 

94 

.Sj 

1. 00 

1. 19 

2.10 

•  97 

.91 

2.1CJ 

.t^2 

'55    1 

97 

•91 

1.60 

.8q 

.70 

1.66 

.78 

'47    1 

90 

•  73 

1-30 

.83 

•57 

1^5 

■77 

46 

12.00 
2.D1 


*  Correct. 

The  following  operations  have  reference  to  Table  XXV  and  the 
diagram,  Fig.  43: 

Assume  a  pole  and  construct  the  trial  equilibrium  polygion.  Scale 
ordinates  to  center  line  of  arch  and  to  equilibrium  polygon  at  pmnts 
of  loading  or  centers  of  divisions  "s/'  and  set  down  results  in  col- 
umns 2  and  3  of  Table  XXV.  Scale  horizontal  distance  of  points 
from  y  and  set  down  results  in  column  4.    Column  5===(coIumii  3)X 


Table  XXIV.— 

Loads 

• 

Points. 

I           a 

3 

4 

s  i  6 

7 

s 

9 

10 

Rinff 

1,520      520 
sis  10     630 
1,100      ™ 

300 
340 
240 

250 
270 

230 
250 
200 

300 

770 

305 

m 

■40 

Jfa 
3te 

''l^W 

Spandrel  filling 

Pavement 

4,i9i> 

" 

Total  dead  load. 

Live  load 

7,430 

1,510 

8S0 

72s 

680 

l.CJA 

Total,  loaded  side 

m 

fi3° 

1,1*0 

l.Q» 

f^^ 

2,285 

Summation  loads  • 

11^5 

3,795 

1,405 

680 

^SBo 

l.^te 

,     3tW> 

4.^:^ 

liJfe 

•  For  convenience  in  plotting  load  line, 

(column  4)  and  are  moments  of  ordinates=J/jr.  The  true  closing 
line  for  trial  polygon  must  make  2Af=o  and  Xf/x— o.  (X1//  mu&t 
also  be  equal  to  o.)  Trial  closing  line  for  equilibrium  polygon  may 
be  taken  anywhere,  but  it  is  convenient  to  take  it  so  as  to  make  ^31=^ 
o,  which  is  done  by  making  vn=z^n'=(2.  column  5) ^-(number  of 
points )=83.99~-io=8.399.  In  like  manner  the  closing  line  for  arch 
K^ — A'j  is  found  by  dividing  (2  column  2)  by  the  number  of  points, 
which  gives  the  ordinates  K ^y=K J ''=44.^6-^10^4.4^6. 

To  make  2^fJr=^o:  Draw  diagonal  «t/  in  parallelogram  bwVi^  mak- 
ing the  triangles  ntt/  and  wn'z''.  Find  the  ordi nates  (ot,  more  prop- 
erly, the  intercepts  of  the  triangles).  This  can  be  most  easily  done 
by  setting  a  slide  rule  to  (z^»-7-span)X (column  4)t=(8.jg9-4-42.5)X 
(column  4),  and  set  down  the  results  in  column  6.  Only  the  fibres  lor 
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triangles  mrJ  are  shown;  the  other  triangle,  nn'if ,  is  just  the  same, 
except  that  it  is  reversed  and  the  figures  opposite  point  i  would  be 
opposite  point  10,  etc.  Only  one  triangle  is  required  when  the  trial 
closing  line  is  drawn  parallel  to  v — 1/ ^  as  in  the  present  case,  since 
they  are  equal. 

Multiply  column  6  by  column  4  and  set  down  the  products  (or  mo- 
ments) in  column  7.    Lay  off  the  distance  from  the  center  to  T  and 
T  on  the  diagram  horizontally,  making  the  distance  from  the  center= 
'S  column  7  __  span  __  1034.30  _  42.5  _      , 
2  column  6  2  42.02  2     ~~^'^  ' 

The  vertical  through  these  points  will  pass  through  the  centers  of 
gravity  of  the  intercepts  of  the  two  triangles. 

Next  take  the  distance  ^  column  5  _  span  _  ^^l'^7>_^^  ^^ 

^'column  3         2  83.89  ^  "^ 

and  lay  it  off  horizontally  left  from  the  center,  erect  a  perpendicu- 
lar through  the  point  and  mark  it  R,  This  is  the  center  of  gravity  of 
the  ordinates  of  the  equilibrium  polygon.  On  this  line  lay  off  r — r' 
=z;n=z/»'=8.40  (or,  to  be  exact,  equals  8.399).  Assume  pole  "o" 
anywhere  and  draw  0 — /  from  pole  to  point  /  and  note  its  intersec- 
tion V  with  the  perpendicular  through  the  center  of  gravity  of  the  tri- 
angle ;  draw  o — r  and  then  draw  r' — I  parallel  to  or.  Connect  t  and  ^ 
and  draw  0 — s  parallel  to  / — ^;  scale  off  distances  r — s  and  s — /, 

Now  locate  true  closing  line  by  the  end  ordinates  found  by  these 
equations;  where  nvJ  and  nn'i/  are  the  summations  of  the  ordinates 
of  the  triangles: 

nvi/  :rs  :  :vn  :  vm        and        n»V  :s/  :  :  t/n'  :  z/m'; 
42.0  :  44-5  :  :  8.4  :  8.9        "  42.0  :  39.5  :  :  8.4  :  7.9. 

Lay  off  vm=8.9  and  z/m'=7.9;  connect  w — m',  which  is  the  true 
closing  line,  with  2Mx==o.  Take  off  the  intercepts  mpmf  between 
m — m'  and  polygon  and  set  down  in  column  8,  noting  proper  sign 
plus  and  minus.  Do  the  same  with  the  intercepts  between  arch  "a" 
and  K^ — K^,  K^aK^  and  set  down  with  proper  sign  in  column  9. 

Take  the  algebraic  sum  of  the  intercepts  of  the  ordinates  in  column 
9  for  points  i  and  10,  and  set  down  the  result  ( — 3.94)  in  column  10 
opposite  point  i.  Opposite  point  2,  in  column  10,  set  down  the  alge- 
braic sum  of  the  values  in  column  9  for  points  i,  2,  9  and  10  ( — 3.86). 
Opposite  point  3,  in  column  10,  set  down  ( — 2.90),  which  is  the  alge- 
braic sum  of  the  values  in  column  9  for  the  points  i,  2,  3,  8,  9  and 
10.  Similarly,  the  values  of  column  9  for  points  i,  2,  3,  4,  7,  8,  9 
and  10  give  — 1.54  and  for  points  i  to  10,  inclusive,  give  0.00  as  the 
algebraic  sums,  which  are  set  down  opposite  4  and  5  in  column  10. 
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In  exactly  the  same  way  column  ii  is  constructed  by  the  progres- 
sive summations  of  column  8. 

Draw  a  horizontal  line  tangent  to  the  center  line  or  neutral  axis 
of  the  ring  at  the  crown  of  the  arch,  and  from  the  center,  or  point  of 
tangency,  with  any  convenient  scale,  lay  off  the  values  of  column  lo 
to  the  RIGHT  of  center  line,  marking  the  points,  so  located,  i,  2,  3 
and  4.  Then,  with  the  values  of  column  11,  locate  the  points  i,  2,  3 
and  4  on  the  same  horizontal  line  to  the  left  of  center  line. 

Draw  horizontal  lines  through  the  intersections  of  the  vertical  lines 
I  and  10,  2  and  9,  3  and  8,  4  and  7  and  5  and  6  with  the  neutral  axis 
or  center  line,  "a,"  of  arch.  Then  from  the  middle  point  of  the  chord, 
VV\  at  its  intersection  with  the  vertical  center  line,  draw  rays  to  the 
points  I,  2,  3  and  4  on  the  right  of  the  center  of  the  horizontal 
tangent  at  crown.  From  the  same  point  draw  rays  to  the  points  i,  2, 
3  and  4  on  the  left  of  the  center  of  the  horizontal  tangent  at  cro¥m. 

Construct  the  deflection  polygon  for  the  arch,  on  the  RiGHT-hand 
side,  as  follows :  From  the  intersection  of  the  horizontal  line  through 
I  and  10  with  the  vertical  center  line  draw  a  line  parallel  to  ray  i 
until  it  intersects  the  horizontal  line  through  2  and  9;  from  the  inter- 
section last  found  draw  a  line  parallel  to  ray  2  until  it  intersects  the 
horizontal  line  through  3  and  8;  from  the  last  intersection  draw  a 
line  parallel  to  ray  3  to  its  intersection  with  the  horizontal  through  4 
and  7 ;  from  this  point  on  the  horizontal  through  4  and  7  draw  a  line 
parallel  to  ray  4  to  its  intersection  with  the  horizontal  line  through 
5  and  6,  and  from  the  last  intersection  draw  a  vertical  line  to  the 
horizontal  tangent  to  the  center  line,  "a,"  or  neutral  axis,  at  the 
crown.  The  horizontal  distance  from  this  last  vertical  line  to  the 
vertical  center  line,  measured  by  the  same  scale  to  which  the  points 
I,  2,  3  and  4  were  laid  off  on  the  horizontal  tangent,  is  the  value  of 
/=2.03  and  is  the  length  of  the  closing  line  of  the  deflection  polygcm 
for  the  arch. 

The  deflection  polygon  for  the  equilibrium  polygon  is  constructed 
in  an  identical  manner  to  the  left  of  the  vertical  center  line,  and 
gives  a  resulting  closing  line,  ^=2.75,  by  the  same  scale  as  was 
used  to  lay  off  the  points  i,  2,  3  and  4  on  the  tangent,  to  the  left  of 
the  center.    We  now  have  the  ratio  (/:  ^=2.03:  2.75). 

The  theory  of  this  is  that  if  the  values  laid  off  on  a  load  line  are 
moments,  the  resulting  polygon  gives  deflections.  It  is  of  a  higher 
power  than  a  moment  polygon,  but  is  constructed  in  the  same  manner. 

The  trial  polygon,  "p"  is  corrected  as  follows,  so  that  it  >^ill  be  the 
true  polygon  or  pressure  line  for  the  loads  and  arch  ring  assumed. 
Its  true  position  in  the  ring  is  found  at  the  same  time. 
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Correct  column  8  by  multiplying  values  in  column  8  by    '  ="^3 

I'      2  75 
and  set  down  results  in  column  12.     ^A/y  is  now=o. 

Then  change  the  sign  of  column  9,  and  take  the  algebraic  sum  of 
that  column  and  column  12,  setting  down  the  results  in  column  13. 

The  horizontal  thrust  or  true  pole  distance  is  the  assumed  pole  dis- 
tance multiplied  by  '^  =  12,000  lbs.  X  '—^  =  16,300  lbs. 

Multiply  column  13  by  this  horizontal  thrust  (16,300  lbs.)  and  the 
results  are  the  bending  moments  in  arch  ring  in  foot-pounds,  which 
are  set  down  in  column  14. 

The  thrusts  and  shears  are  obtained  g^phically  by  drawing  the 
rays  from  the  true  pole  parallel  to  the  tangents  to  the  center  line  of 
arch  and  to  the  line  of  pressure,  as  shown. 

The  line  of  pressure  may  be  plotted  by  two  methods,  the  one  check- 
ing the  other.  First  lay  off  on  the  ordinates  from  the  center  line  or 
neutral  surface  the  values  found  in  column  13.  Connect  these  points 
and  we  have  the  line  of  pressure.  Secondly,  the  rays  from  the  true 
pole  to  the  load  line  are  parallel  to  the  line  of  pressure  at  the  re- 
spective points.  This  is  omitted  on  the  diagram,  because  the  scale  is 
too  small  to  show  it  distinctly. 

The  true  pole  is  found  by  drawing  a  line  from  the  assumed  pole  to 
the  load-line  parallel  to  m — m\  the  true  closing  line,  ahd  by  laying  off 
horizontally  from  this  point  on  the  load-line  the  true  pole  distance  or 
horizontal  thrust=  16,300  lbs.  found  above. 

To  proportion  the  ring  to  the  stresses  apply  one  of  the  formulas 
(15)  to  (20),  using  the  one  applicable  to  the  sections  and  most  con- 
venient. An  inspection  of  columns  14  and  15  of  Table  XXV  shows 
that  the  critical  points  are  6,  8,  10  and  V,  The  moments  and  thrusts 
of  Table  XXV  are  for  a  section  or  slice  i  foot  thick.  These  must  first 
be  reduced  to  a  section  i  inch  thick,  as  in  Table  XXVI. 


Table  XXVI. 


Governing 
Points. 

Thrust  T 
for  Sec. 
1"  Wide. 

Moment  M 
for  .Sec. 
I"  Wide. 

S.          ^S'^^H^^ 

V 
10 

8 

6 

Center 

1730 
1,510 
1,370 
1,365 

82 
68 

7,4" 

/ 

12.0 
2.41 
2.01 

42" 
13" 

When  it  is  found  that  the  depth  of  ring  "/i"  at  any  point  has  to  be 
changed,  the  depth  of  all  other  points,  except  at  the  springing  lines. 
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V  and  V,  must  also  be  changed  in  order  to  keep  S-¥-h^  constant,  and 
therefore  h^  must  be  changed  in  the  same  ratio  at  all  points.  Since 
any  change  whatever  at  V  and  V  does  not  affect  the  conditions,  the 
depth  at  these  two  points  may  be  varied  without  any  reference  to  the 
other  points  of  the  ring,  and  by  increasing  or  diminishing  the  section 
on  either  one  or  both  sides  of  the  neutral  axis.  The  reason  for  this 
is  that  the  length  of  the  intercepts  mpm'  and  K^aK^  are  not  altered 
by  any  change  at  V  or  V\ 

It  will  often  require  two  or  three  and  sometimes  more  trials  to 
find  the  right  section  for  the  critical  points.  "Those  sections  given 
below  are  only  the  final  ones,  the  trial  sections  which  gave  too  high 
stresses  or  which  were  excessive  in  strength  having  been  discarded. 
To  illustrate  possible  variations  in  methods,  the  sections  are  worked 
out  by  the  formulas  numbers  (i),  (2),  (4),  and  (s),  given  in  the 
approximate  method,  which,  however,  for  this  part  of  the  problem, 
are  exact  and  reliable. 

Poinh  10.— 5"  I-beams  36"  c.  to  c,  h  at  crown=f'^  A=I3">  *'==S", 
/j,=o.336,  and  0=0.079. 

Z„      EJ.        h^  2,197  , 

5:= — !— "  =  -  -  ■=z'y-.=  -        —==116 

Z.      EJ,      480/.     ^       162        '^•°- 

y       13.6 

a  =  — ^ —  =  -*^-  =  0.03. 

i-\-r    14.6      ^^ 

'^      I  -\-y       14.6  ' 

_  ri,5io  -J-  72  X 1761  _  ^_  _  i  +  178  lbs.  per  sq.  in. 


ri,5io      6X  5_X276"1  o  „  _  (  4-  2,440  lbs.  per  sq. 


'^62  2  2^  1 

Point  6.  y  =  ^--r=  2.24,  a  =  -   ■  =  0.69,  ft  =  —  =  0.31 , 
^       162  ^'  3.24         ^'  3.24         ^  ' 


f  _  r''3^5  ^  Zi><  ^^1  o  60  -  i  -^  204  lbs.  per  sq.  in. 

/•  _  fl^  i^  6  X  5  X  68"]  (  +  7,230  lbs.  per  sq.  in. 

-^-  -  L  .079  "^    0.336    J  °-3»  - 1  +  3,500  "  "    "  " 

Point  V.  h  ^A^',  /,  =  6,174. 
From  equation  (15), 

x-  __  ri2Z3o  _  17,300X42")  _  }  +  154  lbs.  per  sq.  in. 

•^•-L45.i6^"6;^8^:^J- I-  78  "  "    "  " 

and  from  equation  (16), 

/•  —  r^»  J. .  ^1  ../x 1  +  2,080  lbs.  per  sq.  in. 

^=[38=fci4j40=  I  _j^    »^^    „   V    44*  (4 
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Example  2. — This  is  a  72-foot  span  for  a  single-track  railroad 
bridge.  There  should  generally  be  at  least  3  feet  of  ballast  and  filling 
between  the  top  of  the  arch  and  the  bottom  of  the  ties,  and  5  or  6  feet 
would  be  better.  It  is  usual  to  consider  the  wheel  concentrations  as 
distributed  over  three  ties,  and  they  may  be  taken  with  perfect  safety 
as  uniformly  distributed  longitudinally  on  the  arch  over  all  the  space 
between  adjacent  wheels. 

The  graphic  diagram  of  Fig.  44  and  the  Tables  XXVII  to  XXX, 
inclusive,  are  similar  to  those  of  Example  i  and  require  no  additional 
explanation,  except  on  the  one  point  in  which  they  differ. 

Instead  of  the  graphic  construction  for  finding  the  ratios  tm  to  vm 
and  t/n'  to  t/m\  the  following  analytical  method  is  used : 

The  closing  line  of  the  arch  is  located,  as  before,  by  the  equation 


=  z/«/ =  22^  =  ,3.05;  t/if  +  V*' 


A',  r=/r,r  =  ^^^=  14.^13    and   vn 

lo 

=  26.10;    CJ?— (8,518.22-!- 234.89)  — 36  =  0.266  and   Cr=C7^  =  (5177.77 
-^  17745)  —  36  =  8^2;  TH  =  8.082  —  0.266  =  7.816. 

j^r  =  8.082  -h  0.266  =  8.348, 

TT^  =  16.164,  from  which  we  get 

vm  =  26.10  ■    '^  ■■    =  13.48, 
16.164 

and 

t/m'—  26.10  ^'  '    =  12.62. 
16.164 

Then  in  place  of  scaling  the  intercepts  mpm^  they  are  computed 

by  Table  XXIX,  as  follows: 

The  values  in  column  2  multiplied  by  -^'^-  give  the  values  in  column 


72 


3,  and  the  values  in  column  2  inverted  multiplied  by 


12.62 
72 


give  the 


values  in  column  4. 

Column  5  is  the  sum  of  columns  3  and  4,  and  column  7  gives  the 
intercepts  mpm',  by  subtracting  the  values  in  column  5  from  those  in 
column  6,  which  latter  are  taken  from  column  3  of  Table  XXVIII. 

The  values  in  column  7  of  Table  XXIX  are  set  down  in  column  8 
of  Table  XXVIII. 

The  thrusts  and  moments  for  a  slice  one  inch  thick  arc  given  in 
Table  XXX,  which  also  illustrates  the  method  of  adjusting  the  ring 
from  the  assumed  depth  at  the  crown  of  1.94  feet  to  the  required 
depth  of  1.48  feet,  keeping  s-^h*  constant. 

Point  9. — Steel,  12"  I-beam  at  31J4  pounds;  6=36",  0=9.3-7-36, 
/.  =222-7-36.    From  equations  (15)  and  (16), 

^       Pd-ooo       'i4,ioo"l  „  , 


/Mc 


M 


Fig.  4i 
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/.  =  [143  ±  ^7^]  X  40  =  -f-  7.000  lbs.  per  sq.  in. 

/.  =  [140  ±  4|g^]  X  40  =  +  7,870  lbs.  per  sq.  in. 

/  =    ?-2^—  rfc  — - —  I  =  4-  215  lbs.  per  sq  m. 
•^*      L40.35        2^97  J  3        *~     M 

/.  =  [143  ±  ^^]  X  40  =  +  6,850  lbs.  per  sq.  in. 

y;=  [5^  i  £64^-]  =  4. ,,,  ibs.  per  sq.  in. 
■'•      L40.35        2,497  J 

/.=r  [138  ±  ^J^j  X  40= 4-  7,230  lbs.  per  sq.  in. 
/•  _  r6,86o  ,  i,ooo,ooo1  _  I  4-  252  lbs.  per  sq  in. 

/.=  [124  ±  ^^|~^]  X  40=  +  6.300  lbs.  per  sq.  in. 

Table  XXVIL— Loads  per  Foot  of  Width. 
Live  load  5^000  lbs-  per  lineal  foot  of  track  plus  50,000  lbs,  excess  at  head  of  train,  assumed 
as  distributed  on  16H  ft.  width  of  arch 


Point  14: 


Point  18: 


Point  I : 


Point  V 


Points. 

Length 

Ring.  T^  lbs. 
pe?Cu.  Ft. 

Fill  120  lbs. 
per  Cu.  Ft. 

Track 

25  lbs. 

per 

SqTFt. 

Total 

Dead 

Load, 

lbs. 

Load. 
Pounds 
+  3,000 
Excess. 

Totals, 
lbs. 

Sum- 
ma 

Depth. 

Lbs. 

Depth. 

Lbs 

I 

\% 

3-3 
3  0 

IX 
2.55 

4.8 
3.3 

2.7 

2.4 
2.25 
2.12 
2.00 
1  97 
1.95 

6^50 
a.7«> 

1,730 

IJ30 
1,130 

810 
780 
7SO 

16J00 

165 
II. I 

4.3 
4.1 

16,630 
74S0 
4.290 

3P20 

i,ioo 
1,490 
1,340 
1.250 

2T0 

.  140 

IIO 

75 

i 

22,8go 
10,370 
6,120 
4,440 

2,370 
2,185 
2,060 

22,8go 
10070 
6,120 

4ri40 

m 

3,060 

22,890 
33,260 

39#o 

43,520 

2 

3 

4 

X 

47,330 
50,155 
53,525 
56,710 
59,770 

I 

9 

1,000 
1,000 
1,000 

Total. 

39,570 

900 

56,770 

2,060 
2,185 

2J70 

2,825 
3,510 
4,440 

6,120 

10J70 
22,^ 

(3,000) 

7^ 

to 

900 

990 

1,090 

1,250 

1,670 

2,520 

59,770 

2,820 
2,965 
3,180 
3.725 
4,500 
5,530 
7,370 
12,040 
25,410 

10 

2.7 

a 

4.2 
5.6 
0.4 

2,820 

II 

la 

13 

14 

17,190 

15 

22,720 

16 

30^)90 

17 

42.130 
67,540 

li 

Total 

56,77* 
113,540 

10,770 
13,770 

67,540 
127,310 

Grant  TotaL 

1 

Assume  pole  distance  at  56,000  lbs. 
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I 

2 

3 

4 

5 

6 

7 

Point. 

Lever-arm. 

Triangles. 

Col  3 
Col  4. 

Table  28, 
Col.  3 

Col!"^Col. 

5  -=  Col.  8 

of  Table  aS. 

muif     ' 

mmei/ 

F' 

0.0 

0.0 

12.62 

12.62 

0.0 

—12.62 

I 

385 

72 

11.94 

12.66 

4.31 

-8.35 

2 

11.08 

2.07 

10.68 

12.75 

9.23 

—3.52 

3 

16.02 

3.00 

9.81 

12.81 

11.70 

— I.H 

4 

19.94 

3-73 

9.12 

12.85 

13.21 

+0.36 

5 

23.40 

4.38 

8.52 

12.90 

14.28 

-fl.38 

6 

26.57 

4.97 

7.96 

12.93 

15.03 

+2.10 

7 

29.40 

5.50 

7.47 

12.97 

15.60 

+2.63 

8 

32.08 

6.01 

7.00 

13.01 

15.97 

+2.96 

9 

34.63 

6.48 

6.55 

13.03 

16.19 

+3.16 

10 

37-37 

7.00 

6.07 

13.07 

16.22 

+3.15 

II 

39.92 

7.47 

5.62 

13.09 

16.15 

+3.06 

12 

42.60 

7.98 

5.15 

13.13 

15.93 

4-2.80 

13 

45.43 

S.51 

4.66 

13.17 

15.53 

-^^'^ 

14 

48.60 

9.10 

4.10 

13.20 

14.88 

+1.68 

15 

52.06 

9.7s 

3.50 

13-25 

13.90 

+0.65 

16 

55.98 

10.48 

2.81 

13.29 

12.38 

—0.91 

^l 

60.02 

II. 41 

1.94 

13.35 

9.83 

— 3.52 

18 

68.15 

12.76 

.67 

13.43 

4.55 

-8.88 

F 

72.00 

13.48 

0.00 

13.48 

0.00 

—13.48 

In  both  of  the  above  examples,  i  and  2,  the  value  of  e  was  taken 
at  40.  This  is  considerably  higher  than  is  generally  used  at  the  pres- 
ent time.  The  best  available  data  indicate  that  in  arches  values 
ranging  from  ^=20  to  ^=15  are  near  to  the  truth. 

Table  XXX. 


Govern- 
ing 

TfOT 

1". 

A/ for 
1". 

sumed. 

s. 

Trial. 

AMn 

A. 

Points. 

2.5 
I.4S 

15.625 

4-33 
3.24 

//in 
inches. 

45 

30 

19/2 
17H 

inches. 

y 

I 

18 

14 

9 

6,860 
5.530 
5,780 
4,170 

4,000 

3,720 
1,470 
1,000 

680 
320 

1  3-3' 

2.15 
1.95 

12.0 

3.32 
2.48 

91.125 
27,000 

7,415 
5,592 

7,593 
2,250 

618 
466 

Crown 

1.94 

nVA 

Example  3. — This  is  for  a  semi-circular  arch  culvert  of  15  ft  clear 
span,  for  a  public  highway.  The  diagram,  Fig.  45,  gives  the  loads 
.and  the  graphical  construction  for  finding  the  thrusts  and  moments. 


ISO  REINFORCED   CONCRETE. 

The  latter  is  exactly  similar  to  that  of  Example  2,  Fig.  44,  and  docs 
not  require  any  further  explanation. 

The  analytical  part  of  the  analysis,  given  in  Table  XXXI,  is  simi- 
lar to  that  of  Example  2,  except  that  in  the  present  case  the  work  is 
somewhat  simplified  by  combining  the  operations  in  one  table.  In 
the  previous  example  Table  XXIX  was  introduced  for  finding  the 
ordinates  mpm\  while  in  this  case  the  same  operations  are  performed 
by  inserting  the  columns  8,  9,  and  10  of  Table  XXXI,  which  corre- 
spond to  columns  3,  4,  and  5  of  Table  XXIX.  The  labor  of  copying 
the  figures  of  five  colunms  from  one  table  to  another  is  thus  saved, 
and  the  chance  of  errors  in  copying  reduced. 

vr  ,r      t^  IT,  2  column  2  25.28  . 

Kx  V  —  A ..  P  = r 7 — ^— -  —    „ —  =  3.16; 

'  '  number  of  pomts         8  ^ 

,  ,  2  column  3  28.00         . 

vft  —  i/n^  ^^ i f-  -r—  ~  —J-^  =  3.624; 

number  of  pomts  8         j     ■»» 

vn  -f  7/^«'  =  7.248; 

^„       ,.  ,  g  ^         2  column  5      span 

0?  =  distance  from  center  =  ^ — , -^  —   — 

2  column  3  2 

219-57  r  ^ 

—  -^^'  —  7.5  —  7.56  —  7.50  =0.06; 


28.99 

2  column  7       span 135.01 

'  2  column  6  2  14.51 

=  9-3-7-S  =  -  »-So; 
77? ^  CT'- C^=  1.80 —  0.06  =  1.74; 

RT  -^CV  ^CR      1.80 -f  0.06  =  1.86. 
Therefore 

TT  ~=  TR  I  Rr  =-  1.74  4- 1.86  =  3.60; 

vm  ^  {vn  -I  7/«0  yt  ""  "^'^^^  ^  3^  =3'7S\ 

7/m'  -^  {vn  -f  v'n')  ^^  =  7.248  X  ^*^  --  3-50- 
Therefore 


The  computation  of  columns  8,  9,  10,  and  11  of  Table  XXXI  follow 
in  the  same  way  as  that  of  Table  XXIX. 
The  assumed  pole  distance  is  4,150  lbs.,  and 

rr  /'  1.66 

/^=4,i50  7-  -^4,15075^^=4,225. 

The  moments  and  thrusts,  columns  17  and  18,  are  found  precisely 
as  before.  All  other  operations  are  identical  with  those  of  examples 
I  and  2. 


Loads 

in 
Pounds. 


FWTna 
Pavemert'i 

Live  Laaa 
IbfaJLoca 
M  Locfds 
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Table  XXXI. 


I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Arch 
Ordi- 
nates. 

Equilibrium  Pc 

>lygon. 

Triangles. 

Intercepts  of  the 

Ordinates 

Triangle 

Triangle 
mm'ir 

Point 

Ordi- 
nates. 

Lever- 
arm. 

Mo- 
ments, 
Col.  3X 
Col.  4. 

I?Lx 

Col.  4 
3.624 

"is" 

Moments 

Col.  6  X 

Col.  4. 

—  X 
15 

Col.  4 

•i 
C0L4 

Traws- 
zoid 

Col.  8-1- 
C0I.9. 

C0L4. 

C0L4. 

15 

Col.  4. 

V> 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

(3.50) 

(3.50) 

I 

1.66 

2.02 

1.43 

2.89 

0.35 

0.50 

0.36 

i]l 

3.53 

s 

3.27 

3.58 

3.95 

14.13 

0.95 

3.7s 

1.72 

3-57 

3 

4 

3? 

n 

u 

30^60 

;:S 

7.20 
11.39 

2.23 

'4 

1 

3.96 

4  51 

8.15 

36.80 

1-97 

16.05 

2.04 

i^ 

3.75 

4.30 

9.55 

41.10 

2.31 

22.07 

2.39 

1.27 

2 

?:S 

3-76 

11.05 

41.60 

2.07 

29.55 

2.77 

.92 

3.69 

2.19 

13.57 

29.75 

3.28 

44.50 

3.39 

.33 

3.72 

V 

0.00 

0.00 

15  00 

(3.62) 



(3-75) 

.00 

(3.75) 

2ito8 

25.28 

28.99 

60. CO 

219. ?7 

-4.5. 

135.01 

I 

II 

12                13 

14     1      15 

1 

16 

17 

18 

Ordinates  for  Closing 
Lines. 

Moments  for 
Deflection  Poly- 
gons. 

True  Ordi- 
nates. 

Colli  X^ 

Col.  11  X 
1.63 
1.66- 

Measure 
of  Mo- 
ments = 
Differ- 
ence of 
Columns 
12  and  15. 

Moments 

in  Ft-lbs. 

Col.  16  X 

//=Col.  16 

X4«5. 

^ 

Col.  3^ 
CoL  10. 

K'aK" 
Col.  2- 
K'V. 

Arch 
Summa- 
tion. 
Col.  12. 

Equilib- 
rium 

Polygon 

Summa- 
tion. 

Col.  11. 

H 

v 

(-3.50) 

(-3.16) 

1 

(—3.44)     '      — 0  «8 

-ii8q 

7200 

1 

1 

X 

2 
3 
4 

1 

tS:g 
-1-0.87 
-fo.64 

-f-o.07 
-1-53 

tS:g 

-fo.8o 
-fo.59 
-fo.ii 
-1.50 

—3.00 
—0.00 

-1.74 
-0.03 

-1.48 

-O.OI 

-fo.83 
+0.86 
-fo.63 
+0.07 
-1.50 

-+0.02 

-  0.12 

-  0.02 
-^0.03 
+  0.06 

ro.04 
-0.04 
—0.00 

-1 

—84 
-127 
-i253 
-l-i?o 
-170 

5600 
4700 
4400 
4250 
4250 

§ 

?8oo 

i 

K 

(-375) 

(-3.16) 

(_3.68)          — 0.C2 

— 2200 

7600 

^ 
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CENTERS    AND    FALSEWORKS. 


Success  in  arch  construction  depends  nearly  or  quite  as  much  oo 
the  centers  and  their  supports  as  it  does  on  the  design  and  construc- 
tion of  the  abutments,  piers,  and  arch  ring. 

The  supports  for  the  centers  should  be  as  unyielding  as  it  is  possi- 
ble to  make  them.  If  piles  are  used  they  should  be  as  well  driven 
as  permanent  foundation  piles,  and  they  should  not  be  more  heavily 
loaded.  Sills  should  only  be  used  when  they  may  be  laid  on  bed- 
rock or  on  an  equally  good  foundation. 

The  centers  themselves  may  be  divided  into  two  classes,  those 
which  are  supported  at  every  intersection  of  the  braces  or  web  mem- 
bers with  the  lower  chord  or  tie-beam,  and  those  which  act  as  a  truss 
in  spanning  an  opening  to  gpve  under  clearance.  The  latter  are  some- 
times required  to  provide  waterway  or  to  keep  traffic  open  under  the 
arch  during  construction  and  are  called  "retroussee"  or  "cocket"  cen- 
ters. The  width  of  the  span  may  be  only  a  narrow  opening  or  series 
of  openings,  or  it  may  be  equal  to  the  span  of  the  arch,  with  the 
centers  supported  by  the  abutments  or  piers. 

When  retroussee  or  cocket  centers  have  to  be  used,  extraordinan* 
care  must  be  exercised  to  avoid  excessive  and  injurious  deflections, 
under  the  changes  in  the  loading  that  will  occur  during  construction. 
Deflection  can  be  reduced  to  a  minimum  by  properly  designing  the 
centers,  and  deformations  during  the  progress  of  construction  of  the 
ring  can  be  largely  prevented  by  temporarily  loading  the  centers  at 
the  crown  with  cement  or  other  material,  and  gradually  removing 
the  temporary  load  as  the  weight  of  the  ring  comes  on  the  centers. 

The  back-pieces  of  the  ribs  are  usually  formed  by  spiking  together 
several  planks  so  as  to  break  joints,  the  top  edges  of  which  are  cut 
to  a  curve  parallel  with  the  intrados  and  the  thickness  of  the  lagging 
below  or  inside  of  it,  so  that  the  top  of  the  lagging  will  coincide 
with  the  intrados.  The  back-pieces,  tie-beams,  and  braces  are  bolted 
together  to  form  trussed  ribs.  This  construction  is  shown  on  page  421. 
illustrating  the  centers  of  the  Topeka  bridge.  The  centers  should  be 
given  an  amount  of  camber  about  equal  to  the  deflection  of  the  arch 
ring  under  full  loading,  so  that  the  ring  will  never  have  a  length, 
measured  on  the  neutral  surface,  shorter  than  that  assumed  in  the 
computations  of  the  stresses  and  sections. 

To  facilitate  striking  the  centers,  they  should  be  supported  on  fold- 
ing wedges  or  sand-boxes.  If  the  latter  are  used,  the  sand  should 
be  fine,  clean,  and  perfectly  dry,  and  they  should  be  sealed  around 
the  plunger  with  cement  mortar.     Such  sand-boxes  were  used  under 
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the  centers  of  both  the  Topeka  and  Jacaguas  bridges.  In  the  latter 
case  they  were  not  entirely  successful,  which  may  be  accounted  for 
by  the  poor  quality  of  sand  used  and  the  failure  to  seal  them  around 
the  plungers. 

In  most  cases  the  most  convenient  form  of  lagging  for  concrete 
arches  has  been  found  to  be  2-in.  by  4-in.  pieces  set  on  edge.  They 
are  narrow  enough  to  conform  to  the  curve  of  the  ring,  and  are  deep 
enough,  4  ins.,  to  carry  the  weight  of  the  ring  between  the  ribs  when 
the  latter  are  5  ft.  to  6  ft.  between  centers,  without  deflecting  suf- 
ficiently to  give  an  uneven  surface  to  the  soffit  of  the  arch.  If  lightly 
toe-nailed  at  not  more  than  two  or  three  places,  the  salvage  will  more 
than  pay  for  the  extra  material,  and  a  lesser  number  of  costly  ribs  are 
required,  as  the  latter  can  be  spaced  further  apart  than  when  thin 
Jagging  is  used. 

In  important  cases  the  deflection  of  the  lagging  and  other  beam 
supports  should  be  investigated  by  the  formula 

D=s^Vl^^:fi4EI, 

in  which  IV  is  the  weight  in  pounds  uniformly  distributed,  /  the  length 
of  the  span  from  center  to  center  of  supports  in  inches,  E  the  coeffi- 
cient or  modulus  of  elasticity  of  the  timber,  and  /  the  moment  of 
inertia  of  the  cross-section  in  inches.  E  may  be  taken  at  1,200,000  for 
white  pine  and  spruce  and  at  1,600,000  for  yellow  pine  or  oak. 

Where  deflection  is  not  in  question,  the  lagging  and  any  other  beams 
used  in  the  centers  and  forms  may  be  proportioned  by  Table  XXXII. 
The  braces  and  struts  may  be  proportioned  by  Table  XXXIII. 

It  is  the  usual  practice  with  concrete  arches  not  to  strike  the  cen- 
ters until  thirty  days  after  the  ring  is  closed,  but  in  a  number  of 
cases  they  have  been  struck  within  one  week.  Care  should  be  used 
in  striking  the  centers  to  let  them  down  or  relieve  them  of  load 
gradually  and  uniformly  and  without  shock. 

In  some  cases  the  supports  are  carried  up  through  the  tie-beams 
and  support  the  wedges  directly  under  the  back-pieces,  as  illustrated 
on  pages  415  and  416.  This  arrangement  is  effective  and  economical 
and  has  been  successfully  employed. 

It  is  important  that  the  supports  and  centers  be  well  braced  in  all 
directions,  but  this  is  sufficiently  illustrated  by  the  figures  on  pages 
414  to  428,  inclusive,  of  Part  III. 

Some  engineers  have  proposed  to  make  the  steel  reinforcement  of 
the  ring  heavy  and  stiflF  enough  to  carry  the  lagging  and  concrete 
during  construction,  without  the  use  of  centers  or  temporary  supports. 
Such  a  scheme  may  be  successfully  carried  out  on  a  small  scale,  and  it 
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Table  XXXIII. — Showing  Unit  Stresses  for  Timber  Posts. 


Yellow  Pine. 

White  Pine. 

Yellow  Pine. 

White  Pine. 

L 

L 

H 

/=i,075-i38/ 

/=675-io7^- 

~d 

/=WS-i38-/ 

L 

I.O 

937 

568 

2.3 

758 

428 

I.I 

924 

557 

2.4 

744 

^\L 

1.2 

910 

546 

2.5 

730 

406 

1.3 

^ 

535 

2.6 

717 

395 

1.4 

882 

524 

2.7 

703 

384 

1.5 

868 

513 

2.8 

689 

374 

1.6 

855 

502 

2.9 

675 

364 

1.7 

841 

491 

3.0 

661 

354 

1.8 

827 

480 

3.1 

647 

343 

1.9 

813 

470 

3.2 

633 

332 

2.0 

799 

460 

3.3 

619 

321 

2.1 

786 

450 

3.4 

60s 

3" 

2.2 

772 

439 

L=length  of  member  in  feet. 

rf=least  dimension  of  member  in  inches. 

/=safe  stress  in  potmds  per  square  inch. 


is  very  generally  used  in  floor  construction,  but  for  large  or  important 
arch  bridges  the  author  regards  it  as  experimental  and  even  hazard- 
ous. It  is  certain  that  deformations  would  be  taking  place  continually 
during  construction,  and  they  could  not  but  have  an  injurious  effect 
on  the  concrete  of  the  ring,  the  amount  of  which  could  not  be  esti- 
mated. 

The  general  subject  of  centers  is  treated  in  considerable  detail  in 
a  work  by  John  B.  McMaster,  entitled  "Bridge  and  Tunnel  Centers," 
Van  Nostrand's  Science  Series. 


PART  11. 

REPRESENTATIVE  EXAMPLES. 
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CHAPTER  VL— EXAMPLES   OF  REINFORCED   CONCRETE 
FOUNDATION  CONSTRUCTION. 

Reinforced  concrete  is  employed  in  three  principal  forms  for  foun- 
dation construction:  as  spread  foundations  for  walls  and  columns; 
as  a  capping  for  timber  piles,  and  in  the  form  of  piles  driven  and 
capped  like  timber  piles.  Its  minor  uses  in  such  work  are  as  a  curb- 
ing or  lining  for  foundation  pits  and  as  a  sheathing  or  armoring  for 
timber  piles  in  teredo-infested  waters.  Examples  of  each  of  these 
forms  of  construction  are  given  in  the  succeeding  paragraphs. 

Spread  Foundations. — Spread  foundations  of  reinforced  concrete  may 
be  divided  into  three  principal  forms:   simple  column  footings;  com- 

I 


Fig.  I. — Single  Column  Footing  with  Bar  Reinforcement,  Ingalls  Building, 

Cincinnati,  Ohio. 


bined  footings  for  two  or  more  columns,  and  continuous  footings  cov- 
ering the  whole  foundation  area.  The  computation  and  design  of 
spread  foundations  are  discussed  in  Chapter  IV. 

Simple  Footings. — Simple  column  footings  nearly  always  have  the 
form  of  a  flat  truncated  pyramid  with  the  edges  trimmed  vertically,  to 
give  ample  slab  depth  against  fracture;  for  ordinary  loads  the  con- 
crete is  reinforced  only  on  the  tension  side  or  bottom,  but  for  heavy 
loads  reinforcement  is  often  inserted  on  the  top  or  compression  side 
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as   well.     For   reinforcement,   separate   bars,   wire   netting   or  metal 
lath,  and  bars  and  stirrups  are  employed. 

Examples  of  footings  with  separate  bar  reinforcement  are  presented 
in  Figs.  I  and  2.  Fig.  i  shows  a  footing  for  one  of  the  i6-stor>' 
columns  of  the  Ingalls  Building,  Cincinnati,  O.  The  bars  are  t^^■istcd 
square  steel  and  are  spaced  6  ins.  apart  in  each  layer.  A  similar 
design  for  a  smaller  column  load  is  shown  by  Fig.  2 ;  this  footing  was 
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Plan.  Elevation. 

Fig.  2. — Column  Footing  for   Medical  Laboratory,   Brooklyn   Navy  Yard. 

used  for  a  three-story  column  in  the  Medical  Laboratory  building  at 
the  Brooklyn  Navy  Yard.  Here  the  foundation  bed  was  hard-pan, 
figured  to  carry  a  safe  load  of  3,000  lbs.  per  sq.  ft.,  twisted  square 
bars  were  used  for  reinforcement  and  the  concrete  was  a  1-3-5  ^^^^ 
trap  rock  (J4  >"•)  and  half  gravel  mixture. 

Where  wire  netting  or  perforated  steel  sheets  are  used  for  rein- 
forcement, the  construction  is  exactly  similar  to  that  shown  in  Figs. 


1'       r/m'"'"'l 


I 


:i$z 


'Z.9J  • 


Fig.  3.— Column  Footing  with  Bar  and  Stirrup  Reinforcement.  Lisle, 

France. 

I  and  2,  the  layers  of    bars    being    replaced    by  sheets  of  the  metal 
fabric. 

The  application  of  bar  and  stirrup  reinforcement  to  a  simple  column 
footing  is  shown  by  Fig.  3 :  this  particular  footing  was  employed  by 
Mr.  FranQois  Hennebique  in  a  building  erected  at  Lisle,  France,  and 
it  was  figured  for  a  column  load  of  130  metric  tons.  The  footing  is 
square  in  plan  and  is  reinforced  by  two  layers  of  round  iron  bars  laid 
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to  form  a  rectangular  mesh;  the  bars  of  the  lower  layer  engage  stir- 
rups extending  upward  into  the  concrete. 

Combined  Footings. — For  combined  footings  for  two  or  more 
columns  the  same  general  form  of  construction  is  employed  as  for 
single  column  footings.  A  two-column  footing  for  the  i6-story  In- 
galls  Building  at  Cincinnati,  C,  is  shown  by  Fig.  4.    The  arrangement 
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Plan, 
foorting    for    Column*    6-9. 

Ftg.  4. — Combined  Footing  for  Two  Columns,  Ingalls  Building,  Cincinnati, 

Ohio. 


is  a  rectangular  truncated  pyramid,  stiffened  by  a  longitudinal  rib 
which  receives  a  column  bare  on  each  end.  The  disposition  of  the 
reinforcement  in  the  rib  and  in  the  footing  slab  is  to  be  remarked. 

Continuous  Footings. — Reinforced  concrete  footings  covering  the 
whole  foundation  area  have  been  more  used  abroad  than  in  America. 
Generally,  a  slab  and  girder  construction  is  employed,  the  girders 
being  located  usually  on  the  underside  of  the  slab,*  but  sometimes  on 
top.  For  continuous  footings  Mr.  Hennebique  employs  a  modified 
form  of  his  ribbed  flat-plate  floor  construction,  in  which  the  ribs  are 
heavily  reinforced  on  the  compression  edge  in  addition  to  the  usual 
tension  bars.  Fig.  5  shows  the  detail  of  a  continuous  spread  founda- 
tion of  this  construction. 

Pile  Foundations  with  Reinforced  Concrete  Caps. — Timber  piles  capped 
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with  a  slab  of  reinforced  concrete  is  a  form  of  foundation  frequently 
used  in  building  construction.  A  notable  example  is  furnished  by  the 
electric  power-house  of  the  New  York  Central  &  Hudson  River  R.  R. 
at  Yonkers,  N.  Y.     The  foundation  area  is  265  ft.  square  and  piles 
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D«taUs    of  Girder. 
Fig.  5. — Continuous  Footing,  Slab,  and  Girder  Construction. 

w^ere  driven  3  ft.  apart,  each  way,  over  the  entire  area.  The  earth 
was  removed  to  a  depth  of  i  ft.  below  the  pile  tops  and  an  i8-in.  layer 
of  concrete  was  deposited,  plastered  on  top  and  waterproofed.  On 
top  of  the  waterproofing  was  laid  a  30-in.  slab  of  concrete,  reinforced 
both  top  and  bottom.  The  reinforcement  was  the  same  for  both  faces, 
and  for  each  face  consisted  of  two  layers  of  round  bars  laid  to  form 
a  rectangular  mesh;  the  bars  were  i  in.  in  diameter  and  were  spaced 
12  ins.  apart.  Splices  were  formed  by  lapping  the  bars  2  ft  The 
reinforcing  netting  was  embedded  3  ins.  from  top  and  bottom.  The 
concrete  was  a  mixture. 

Fig.  6  shows  the  reinforced  concrete  capping  for  the  pile  foundations 
for  the  masonry  piers  of  the  Penrose  Ferry  Bridge  over  the  Schuyl- 
kill River  at  Philadelphia,  Pa.  The  reinforcement  consists  of  a  layer 
of  expanded  metal  (see  page  363)  of  6-in.  mesh  and  No.  4  gage  plate. 
The  metal  was  secured  to  each  pile  top  by  a  staple.  A  reinforced  con- 
crete capping  for  a  pile  foundation  for  the  chimney  of  the  Central 
Lard  Co.,  Jersey  City,  N.  J.,  is  shown  by  Fig.  183. 

Reinforced  Concrete  Pile  Foundations. — Reinforced  concrete  pile  foun- 
dations do  not  differ  materially  in  construction  from  timber  pile  foun- 
dations ;  the  piles  are  driven  in  rows  or  in  clusters  and  capped  with  a 
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platform  of  concrete  on  which  the  masonry  or  steel  superstructure  is 
built  in  the  usual  manner.  In  construction,  reinforced  concrete  piles 
are  not  essentially  different  from  columns  of  that  material ;  they  are 
employed  for  the  same  purposes  and  in  much  the  same  manner  as 
timber  piles.  Compared  with  timber  piles,  they  have  several  advan- 
tages and  some  disadvantages.  Their  most  important  advantage,  per- 
haps, is  that  they  are  equally  durable  in  dry  or  wet  soil,  while  piles  of 
timber  must  be  constantly  submerged  to  remain  preserved.  Their  most 
serious  disadvantages  air^e  that  they  are  more  expensive  in  first  cost 
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Fig.  6. — Concrete- Steel  Capping  for  Pile  Foundation,  Penrose  Ferry  Bridge, 

Philadelphia,  Pa. 


and  more  troublesome  to  drive  than  timber  piles.  In  recent  practice, 
however,  the  difficulty  of  hammer  driving  has  been  largely  overcome, 
and  with  care  it  is  probable  that  reinforced  concrete  piles  can  be  so 
driven  in  almost  any  soil  that  timber  piles  will  penetrate.  Sinking  by 
water  jet  is  a  certain  method  of  successful  driving  and  is  extensively 
practiced.  Pile  for  pile  concrete  usually  costs  more  than  timber. 
Often,  however,  its  use  will  effect  a  saving  in  the  total  cost  of  the 
foundation,  since,  not  having  to  cut  the  piles  off  below  ground  water 
level,  the  depth  of  excavation  and  volume  of  masonry  may  be  reduced. 
Another  advantage  of  reinforced  concrete  piles  is  the  readiness  and 
thoroughness  with  which  they  may  be  bonded  monolithically  with  a 
capping  of  the  same  material.  Reinforced  concrete  piles  promise  to 
combine  the  advantages  of  timber  piles  with  some  of  the  advantages  of 
masonry  piers;  in  particular  their  independence  of  moisture  condi- 
tions and  their  freedom  from  the  ravages  of  the  teredo  make  them 
especially  suitable  for  marine  work.    Two  radically  different  types  of 
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reinforced  concrete  pile  construction  are  employed:  in  one  the  piles 
are  molded  or  cast  separately  and,  when  matured,  are  driven  like 
timber  piles;  in  the  other  the  piles  are  molded  in  the  ground  in  the 


Fig.  7. — Reinforced  Concrete  Pile  of  Hennebique  Coostruction. 

position  they  are  to  occupy  in  the  structure.    The  following  examples 
illustrate  quite  fully  the  various  forms  of  piles  of  both  classes: 

Examples  of  Cast  Piles. — In  Europe  a  great  number  and  variety  of 
foundations  have  been  built  by  the  French  engineer  Hennebique,  using 
the  form  of  pile  shown  in  Fig.  7.  This  pile  is  square  in  section  with 
the  comers  chamfered  and  is  reinforced  by  a  round  iron  bar  in  each 
corner,  the  bars  in  diagonally  opposite  corners  being  wired  together 
at  intervals.     The  point  of  the  pile  is  pyramidal  and  is  shod  with 


Fig.  8. — Reinforced  Concrete  Sheet  Piling  of  Hennebique  Construction. 

cast-iron,  while  the  top  is  shouldered  in  with  a  circular  section  above 
the  shoulder  to  receive  a  driving  cap.  In  some  instances  the  rein- 
forcement described  is  increased  by  four  additional  bars  placed  mid- 
way of  the  sides.  Another  modification  consists  of  a  circular  hole 
molded  lengthwise  of  the  pile  at  the  center;  this  hole  bifurcates  into 
two,  reaching  to  the  beveled  surfaces  at  the  point,  and  provides  for 
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driving  by  water  jet  or  for  forcing  grout  into  the  soil  surrounding  the 
point  when  the  pile  has  penetrated  to  its  final  position.  The  same 
"designer  has  used  extensively  a  sheet  pile  of  reinforced  concrete  in 
the  form  of  a  rectangular  slab  grooved  on  both  edges  and  having  a 
steel-shod  point  formed  by  beveling  one  of  the  narrow  faces  so  as  to 
form  a  wedge  edge  with  the  opposite  face.  The  reinforcement  consists 
of  six  bars  arranged  along  the  broad  faces  and  tied  together,  as  shown 
by  Fig.  8.  A  sort  of  tenon  formed  by  a  strap-iron  staple  set  into 
the  narrow  face  of  each  pile,  near  the  point,  serves  to  keep  the  suc- 
cessive piles  in  alinement  while  being  driven.  This  staple  also  serves 
to  hold  the  nozzle  in  driving  by  water  jet.  The  circular  hole  formed 
by  the  adjoining  grooves  is  filled  with  grout  after  driving  is  com- 
pleted; this  operation  welds  the  successive  piles  into  practically  a 
monolithic  sheeting. 

The  drawings  of  Fig.  9  show  a  triangular-shaped  pile  used  in  the 
foundations  for  a  court-house  near  Berlin,  Germany.     At  the  point 


Fig.  9. — Reinforced  Concrete  Pile  for  Courthouse  Foundation,  Berlin, 

Germany. 

the  sides  are  beveled  to  form  a  pyramid.  The  reinforcement  consists 
of  I -in.  round  rods  at  the  corners,  tied  together  by  j4-in.  wire  ties  at 
8-in.  intervals.  At  the  bottom  of  the  pile  the  rods  converge  and  are 
-welded  together.  The  concrete  mixture  was  1  part  Portland  cement 
and  3  parts  river  gravel.  This  single  example  of  a  triangular  pile  is 
the  only  one  known  to  the  author. 

In  constructing  a  wharf  at  Novorossisk,  Russia,  24  piles  of  the  form 
shown  by  Fig.  10  were  used.  These  piles  were  15J4  in-  square,  and 
each  carries  a  load  of  85,584  lbs. ;  their  total  weight  per  lineal  foot  was 
about  2^2  lbs.,  of  which  the  reinforcement  constituted  about  45  lbs. 
(Seepage;  377.) 

A  hexagonal  hollow  pile  has  been  designed  by  Signor  Albertini, 
ot  Modena,  Italy,  the  purpose  being  to  secure  a  light  and  strong  pile 
easy  of  transport  and  capable  of  being  bonded  with  the  superstructure 


i66 


REINFORCED   CONCRETE. 


by  inserting  rods  in  the  hollow  core  and  filling  it  with  concrete.    The 
concrete  mixture  used  was  i  part  cement  and  3  parts  aggregate  for 


Fig.  10. — Reinforced  Concrete  Pile  for  Wharf  at  Novorossisk,  Russia. 
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two-thirds  of  the  height  above  the  point,  and  i  part  cement  and  2  parts 
aggregate  for  the  remainder  of  the  height  to  the  top.  The  six  rein- 
forcing rods  were  each  0.4  in.  in  diameter  and  were  bound  together 
by  o.2-in.  wire  ties  at  intervals  increasing  from  the  top  toward  the 
bottom  and  averaging  6  ins.    The  piles  were  about  10  ft.  long. 

A  corrugated  octagonal  pile  of  American  design  has  been  used  in 
a  number  of  very  important  foundations.  The  pile  has  a  hole  its 
full  length,  and  is  designed  to  be  driven  by  water  jet,  the  water  being 
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Fig.   II. — Concrete  Sheet  Pile  with  I-beam  Reinforcement. 


forced  down  through  the  axial  hole  and  rising  along  the  corruga- 
tions. These  latter  reach  from  the  point,  which  is  flat,  to  near  the 
top  of  the  pile;  they  serve  to  increase  the  skin  friction  as  well  as  to 
provide  egress  for  the  water  escaping  from  the  jet.  The  reinforce- 
ment used  is  Clinton  welded  wire  fabric.  This  pile  is  patented  and 
controlled  by  the  Corrugated  Concrete  Pile  Co.  of  New  York  City. 

Square  piles  with  chamfered  corners,  reinforced  by  a  steel  rod  in 
each  corner,  the  four  rods  bound  together  by  hoops  at  12-in.  intervals, 
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and  having  a  pointed  cast-iron  shoe,  have  been  used  in  several 
foundations  by  the  Baltimore  Ferro-Concrete  Co.,  Baltimore,  Md. 
Essentially  the  same  form  of  pile  is  used  by  the  Ferro-Concrete  Con- 
struction Co.  of  Cincinnati,  O.  In  the  foundations  for  the  Dittman 
factory  building  in  Cincinnati,  the  piles  driven  by  this  company  were 
10  ins.  square  at  the  point  and  14  ins.  square  16  ft.  from  the  point, 
they  had  a  2-in.  bevel  on  each  corner.  The  reinforcement  consisted  of 
j4-in.  twisted  steel  bars  at  the  comers,  hooped  together  at  12-in.  in- 
tervals and  bent  in  at  the  point  to  fit  into  a  pyramidal  cast-iron  shoe 
weighing  50^  lbs.    The  concrete  was  a  1-2-4  stone  mixture. 

The  form  of  sheet  pile  used  by  the  Hennebique  companies  is  de- 
scribed above,   Fig.  8.     Another  sheet  pile  of  European  design  is 
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Fig.    i3.--Raymond    Pile   Built  in 
Place. 


shown  by  the  drawings  of  Fig.  11.  The  reinforcement  consists  of  two 
steel  I-beams  tied  together  at  intervals  of  about  y.y  ft.  by  means  of 
plate  and  angle  cross-tics.  One  of  the  narrow  faces  has  a  groove  and 
the  other  has  a  tongue  to  provide  for  the  interlocking  of  the  adjacent 
piles  when  they  are  driven  as  sheeting.  These  piles  were  used  in  a 
quay  wall,  and  the  anchor  rod  shown  at  the  top  was  carried  back  into 
the  filling  of  the  quay  and  fastened  to  a  massive  concrete  anchor. 
(See  page  377.) 
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Examples  of  Piles  Molded  in  Place,— The  forms  of  reinforced  con- 
crete piles  described  in  the  preceding  section  are  molded  complete,  and 
after  hardening  are  driven  like  timber  piles.  There  have  recently 
come  into  use  methods  of  constructing  concrete  piles  in  place;  two 
forms  of  reinforced  concrete  piles  designed  to  be  so  constructed  are 
shown  by  Figs.  12  and  13.  Fig.  12  shows  sections  of  the  pile  designed 
by  the  engineers  of  the  Simplex  Concrete  Piling  Co.  of  Philadelphia, 


Sectional  Plan  A-B, 
Inverted, 
Vertical   Section  of  Pien 
Fig.  14. — Reinforced  Concrete  Pile  Foundation,  Brumath  Bridge,  Alsace- 
Lorraine. 


Pa.  The  reinforcement  is  expanded  metal  of-j^^-in.  gage  and  3-in. 
mesh.  Fig.  13  shows  the  pile  made  by  the  Raymond  Concrete  Pile  Co. 
of  Chicago,  111.  This  pile  is  usually  made  with  a  uniform  taper  from 
butt  to  point  and  is  reinforced  by  longitudinal  bars  arranged  as  in- 
dicated. Neitlier  of  the  reinforced  piles  described  has  been  used  in 
construction,  but  plain  concrete  piles  of  the  same  form  have  been 
extensively  employed. 

Examples  of  Foundations. — The  actual  use  of  reinforced  concrete 
piles  in  foundation  work  is  sufficiently  illustrated  by  the  following 
examples:  A  bridge  foundation  (Brumath  Bridge,  Alsace-Lorraine) 
is  shown  by  Fig.  14.  The  pier  is  founded  on  eleven  piles  from  14  to 
16  ft.  long  and  16  ins.  square,  driven  into  6^2  ft.  of  swamp  mud  over- 
lying coarse  gravel.  The  ultimate  bearing  power  of  these  piles  was 
figured  by  Ritter's  formula. 
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to  be  546,000  lbs.  each,  the  values  taken  being: 

g=weight  of  '^ammer  in  pounds=8,8oo ; 
^^weight  of  piles  in  pounds=:8,8oo ; 
fc=height  of  fall  in  inches=48 ; 
^^final  penetration  in  inches=04. 

The  piles  used  were  of  the  construction  shown  by  Fig.  7. 

Figs.  15  and  16  show  pile  foundations  for  a  quay  wall  and  a  wharf 


Jl  ±U  V  V 

Fig.  15. — Reinforced  Concrete  Quay  Wall  Carried  on  Reinforced  Concrete 
Piles,  Southampton,  England. 

constructed  at  Southampton,  England,  in  1898.  The  piles  in  the  quay 
wall  were  spaced  3  ft.  7  ins.  apart,  longitudinally,  and  the  bearing 
piles  of  the  front  row  were  filled  between  with  reinforced  concrete 
sheet  piles.  Each  i2Xi2-in,  pile  was  reinforced  by  eight  ij<-in. 
round  rods  connected  by  ^g-in.  ties;  bearing  and  sheet  piles  were  of 
the  construction  shown  by  Figs.  7  and  8.  The  wharf  piles,  12X^2 
ins.  square,  were  spaced  about  10  ft.  apart  in  both  directions;  the 
wharf  was  designed  for  a  load  of  575  lbs.  per  sq.  ft.,  each  pile  carry- 
ing, therefore,  57,500  lbs.,  about.  Four  reinforcing  bars  tied  together 
at   intervals   were  used   in   each   pile;   pile   construction   shown  by 

Fig.  7. 

Reinforced  Concrete  Curbing  for  Foundation  Pita. — A  use  of  concrete- 
steel  in  foundation  work,  which  has  been  practiced  in  Europe,  is  its 
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substitution  for  steel  or  brick  curbing  in  sinking  pits  for  foundations. 
An  example  of  the  first  mode  of  procedure  is  furnished  by  the  founda- 
tions for  the  Municipal  Theatre  at  Berne,  Switzerland,  designed  by 
Mr.  Paul  Simons,  civil  engineer,  of  the  same  city.  This  building  was 
founded  on  piers  which  penetrated  a  layer  of  made  ground  into  the 
solid  soil  beneath.  These  piers  were  rectangular  in  horizontal  section 
with  a  flared  bottom  to  gain  a  large  bearing  area.    To  construct  them 
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Fig.    16. — Reinforced   Concrete   Wharf   Carried   on   Reinforced   Concrete 
Piles,  Southampton,  England. 


a  pit  was  sunk  and  curbed  as  the  excavation  progressed  with  concrete 
reinforced  by  horizontal  rods  spaced  10  cm.  (3.9  ins.)  apart  vertically. 
The  mode  of  procedure  was  to  excavate  a  depth  of  pit  varying  with 
the  nature  of  the  soil  and  then  set  up  inside  the  excavation  a  frame 
or  form  the  annular  space  outside  of  which  was  filled  with  concrete 
to  form  the  curbing.  As  soon  as  a  section  of  curbing  had  hardened 
the  frame  was  knocked  down  and  another  section  of  pit  dug  and 
curbed  in  a  manner  similar  to  the  first.  Each  section  of  curbing  was 
bonded  to  the  sections  above  and  below  by  short  hooked  rods  or 
do^vels  embedded  in  the  concrete.  After  completion  to  their  full  depth 
the  pits  were  filled  with  concrete. 

Reinforced  Concrete  Cylinder  Piers. — In  constructing  the  new  road 
bridge  over  Cockle  Creek,  near  Sydney,  New  South  Wales,  Mr.  E.  M. 
De  Burgh,  M.  Inst.  C.  E.,  made  use  of  Monier  cylinders  for  construct- 
ing two  double-cylinder  piers  on  a  foundation  consisting  of  about  5  ft. 
of  sand  and  silt  overlying  hard  blue  clay.  The  cylinders  were  made 
3^  ft.  internal  diameter  and  3  ft.  7  ins.  long  with  a  shell  2j^  ins. 
thick.  They  were  reinforced  with  a  layer  of  steel-wire  netting  of  No. 
16  gstge  wire  woven  to  ij4-in.  mesh,  and  with  two  spirals  of  No.  8 
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l^age  wire  wound  completely  round  the  cylinder,  the  turns  being  i  in. 
apart.  To  couple  the  cylinders  together  end  to  end  six  pairs  of  bars 
i:^4X/4  in-  were  inserted  between  the  two  spirals  lengthwise  of  the 
cylinder  and  spaced  60**  apart  circumferentially.  The  bars  forming 
eacli  pair  were  blocked  apart  by  spacers  so  as  to  leave  at  six  points 
at  each  end  of  the  cylinder  a  sort  of  mortise.  In  placing  the  cylinders 
together  the  mortises  were  made  to  coincide  and  a  fish-plate  was  in- 
serted so  as  to  extend  one-half  downward  into  the  lower  cylinder  and 
one-half  upward  into  the  upper  cylinder.  Slots  were  cut  in  the  mor- 
tise-bars and  fish-plate  into  which  steel  keys  were  inserted  locking 
the  two  cylinders  together.  The  coupling  construction  is  shown  by 
Fig.  17  and  Fig.  18  shows  the  cylinder  construction  proper.  In  sink- 
ing, the  bottom  cylinder  was  provided  with  a  cast-iron  cutting  edge, 
and  they  were  sunk  by  excavating  inside  and  adding  successive  lengths 
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Fig.  17. — Coupling  for  Sections  of  Reinforced  Concrete  Cylinder 
P^oundation. 


exactly  as  cast-iron  cylinder  piers  are  commonly  sunk.  After  sinking 
the  cylinders  were  filled  with  concrete.  These  cylinders  were  sunk  to 
a  depth  of  36  ft.  below  water  level.  The  cylinders  delivered  cost  24s. 
per  lineal  foot. 

Armored  Timber  Piles. — In  waters  infested  by  the  teredo  cylinders 
of  reinforced  concrete  have  been  successfully  employed  for  armoring 
timber  piles.  A  notable  example  of  this  construction  is  furnished  by 
the  road  bridge  built  over  Cockle  Creek,  near  Sydney.  New  South 
Wales.  Five  three-pile  bents  were  armored  with  cylinders.  The 
formation  penetrated  by  the  piles  was  sand  mixed  with  vegetable  mat- 
ter overlying  a  stiff  blue  clay  to  a  depth  of  about  5  ft.  The  piles  were 
of  ironbark  about  40  ft.  long,  14  ins.  in  diameter  at  the  point  and  i^ 
ins.  at  the  butt,  and  they  were  driven  about  15  ft.  into  the  clay  stratum. 
From  the  level  of  the  clay  to  high-water  level  four  hard-wood  battens 
were  spiked  longitudinally  of  the  pile  and  90**  apart  circumferentially.. 
The  pile  was  coated  with  Stockholm  tar  previous  to  driving,  and  after 
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being  driven  a  platform  was  attached  above  high- water  level,  and  on 
this  was  erected,  by  threading  over  the  head  of  the  pile,  a  sufficient 
number  of  Monier  pipes  21  ins.  in  diameter  to  reach  the  length  of  the 
battened  portion  of  the  pile.  The  joints  between  the  adjacent  lengths 
of  pipe  were  connected  by  means  of  a  collar  of  Monier  netting  covered 
with  cement  plaster.  The  several  lengths  of  pipe  were  joined  up  to 
form  a  continuous  cylinder.  The  platform  was  removed  and  the  cylin- 
der lowered  by  means  of  hooks  under  the  bottom  edge  until  it  rested 
on  the  bottom  of  the  stream.  A  jet  of  water  from  a  ij^-in.  pipe  was 
then  worked  around  the  bottom  of  the  casing  to  loosen  the  underlying 
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Fig.  18. — Reinforced  Concrete  Cylinder  for  Cylinder  Foundation. 

material,  and  pressure  being  applied  by  means  of  screw-jacks  at  the 
top  the  casing  was  forced  down  to  the  clay  stratum.  The  batten- 
pieces  on  the  pile  kept  the  casing  and  pile  concentric,  and  after  sink- 
ing the  annular  space  was  scoured  out  by  means  of  the  jet  and  filled 
with  clean  sand  with  9  ins.  of  concrete  mortar  at  the  top  to  form  a 
cap.  The  cylinders  were  i}i  ins.  thick,  of  cement  mortar  with  a  rein- 
forcement consisting  of  a  iJ4-in.  square-mesh  netting  of  No.  16 
gage  wire. 

A  form  of  timber-pile  armoring  adopted  by  the  State  Harbor  Com- 
mission, San  Francisco,  Cal.,  for  pier  construction  in  teredo-infested 
waters  is  shown  by  Fig.  19.  The  piles  are  designed  to  take  all  the 
load  and  are  driven  in  clusters  of  three  and  sawed  off,  one  2  ft,  one 
6  ft,  and  one  8  ft.  below  the  wharf  level.    After  the  piles  are  driven, 


174  REINFORCED   CONCRETE. 

wooden-stave  cylinders  of  3-in;  planks  are  placed  over  them  and 
driven  10  ft.  or  12  ft.  into  the  mud.  These  cylinders  are  then  sealed 
at  the  bottom  and  pumped  out,  after  which  a  cylinder  of  No.  16  gage 


Fig.  19.— Reinforced  Concrete  Armoring  for  Timber  Piles,  Wharf  Con- 
struction, San  Francisco,  Cal. 

expanded  metal  6  ins.  less  in  diameter  is  set  inside  each  and  the 
remaining  space  is  filled  with  concrete.  It  is  expected  that  the 
wooden-stave  sheathing  will  ultimately  be  destroyed  by  the  teredo, 
leaving  the  concrete  armored  piles  as  the  permanent  structure. 


CHAPTER  VII.— REINFORCED  CONCRETE  IN  BUILDING 
CONSTRUCTION. 

Floors. 

Reinforced  concrete  floor  constructions  may  be  divided  into  two 
classes.  The  first  class  comprises  those  constructions  which  serve 
simply  as  a  filling  between  the  girders  and  beams  of  a  floor  framework 
of  steel;  the  second  class  includes  those  constructions  in  which  the 
girders  and  beams  are  themselves  reinforced  concrete,  all  steel  floor 
framing  being  eliminated.  Typical  examples  of  each  class  of  floor  are 
illustrated;  the  great  number  of  different  constructions  precludes  the 
mention  of  all. 

Concrete  and  Steel-beam  Floors. — Reinforced  concrete  is  used  as  a 
filling  for  steel-frame  floors  in  three  principal  forms:  (i)  As  a  flat 
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slab  resting  on  the  floor  frame  or  filled  between  the  beams  and  girders ; 
(2)  as  arched  slabs  filled  between  the  beams  and  resting  on  the  bottom 
flanges;  (3)  as  arches  with  curved  soffits  rising  from  the  bottom 
flanges  and  with  horizontal  tops  flush  with  the  beam  tops.  There  is 
no  clear  differentiation  in  practice  in  the  application  of  these  forms. 
The  usual  beam  spacing  in  steel-frame  floors  is  5  ft.  and  6  ft;  for 
this  spacing  flat  slabs  are  used  for  light  and  moderate  loads,  150  lbs. 
to  300  lbs.  per  sq.  ft.,  and  flat-topped  arches  for  heavy  loads,  400  lbs.  to 
500  lbs.  per  sq.  ft.  The  arched  slab  occupies  an  intermediate  position 
in  weight  and  load  capacity,  and  is  infrequently  used.  In  choosing 
illustrations  of  floors  of  this  class,  selection  has  been  made  sometimes 
of  standard  designs  of  the  proprietary  companies  and  sometimes  of 
designs  used  in  actual  structures;  the  distinction  is  indicated  in  each 
case. 

Flat  Slab  Constructions. — The  following  forms  of  flat  slab  floors  may 
be  enumerated :  ( i )  Floors  in  which  the  edges  of  the  slab  embed  the 
top  flanges  of  the  supporting  beams  and  girders;  (2)  floors  in  which 
the  slab  rests  on  the  top  flanges  of  the  beams;  (3)  floors  in  which  the 
edges  of  the  slab  rest  on  the  top  faces  of  the  bottom  flanges  of  the 
beams.  In  the  first  and  second  arrangements  of  the  slabs  the  portions 
of  the  beams  below  the  slab  are  enclosed  by  a  separate  boxing  or  by  a 
haunching  of  concrete  in  one  piece  with  the  slab ;  in  case  a  flat  ceiling 
is  desired  a  sheeting  of  plaster  and  lath  is  hung  underneath  the  beams. 
With  the  third  arrangement  of  slab  the  space  above  it  to  the  tops  of 
the  beams  is  filled  with  lean  concrete.  The  purpose  of  the  filling  and 
haunching  is  to  prevent  direct  exposure  of  the  steel  to  flames  in  case 
of  fire.  The  arrangement  of  the  reinforcement  in  flat-slab  floors 
differs  with  the  form  of  reinforcement  used  and  with  the  form  of  slab 
arrangement. 

Examples  with  Bar  Reinforcement, — With  separate  bar  forms  of 
reinforcement  the  slab  is  usually  placed  sa  that  its  edges  embed  the 
top  flanges  of  the  floor  beams ;  and  the  reinforcement  is  either  hooked 
over  the  top  flanges  or  otherwise  rigidly  fastened  to  the  beams  or  else 
it  is  made  continuous  over  consecutive  floor  bays.  In  Europe  this 
construction,  which  is  almost  universal  in  America,  shares  favor  with 
slabs  supported  on  the  tops  of  the  bottom  flanges  of  the  beams.  This 
last  form  does  not  permit  of  continuity  of  either  slab  or  reinforcement 
and  seldom  if  ever  is  the  reinforcement  attached  to  the  beams.  In 
both  arrangements  the  usual  form  of  reinforcement  is  a  series  of 
parallel  bars  running  from  beam  to  beam;  these  bars  are  sometimes 
connected  transversely  by  spacing  bars  and  in  rare  instances  by  a 
complete  system  of  transverse  bracing.  Selection  has  been  made  for 
illustration  of  the  following  floors: 
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Columbian, — The  accompanying  drawings,  Figs.  20  and  21,  from 
standard  plans,  show  flat  slab  constructions  with  Columbian  bars 
(Columbian  Fireprooting  Co.,  Pittsburg,  Pa.).  As  shown,  the  top  of 
the  slab  is  flush  with  the  top  of  the  beams;  the  thickness  of  the  slab 
and  the  depth,  sectional  profile,  spacing  and  mode  of  support  of  the 
bars  diflfer  for  diflferent  spans  and  loads.  Generally  the  depth  of  the 
slab  is  made  ij^  ins.  greater  than  the  depth  of  the  bar,  but  this  limit 
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Fig.  20. — Short-span  "Columbian'*  FKwr  Construction. 

is  frequently  varied  from,  especially  in  long-span  constructions.  The 
leinforcing  bars  are  structural  steel  and  are  rolled  to  special  crucifomi 
sections.  In  short-span  floors  they  are  suspended  from  the 
floor  beams  by  stirrups,  which  are  hung  over  the  beam,  with  a  leg  on 
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Fig.  21. — Long-.span  "Columbian"  Floor  Construction. 

each  side  which  is  slotted  to  receive  the  end  of  the  bar.  In  long- 
span  floors  the  beams  are  omitted  and  the  reinforcing  bars  are  fasten- 
ed directly  to  the  webs  of  the  main  girders  by  riveted  angles.  A 
1-2-5  stone  concrete  or  1-2)^-5  or  1-3-5  ^^^i^  concrete  is  used  to  embed 
the  bars ;  a  very  wet  mixture  is  favored.     Fig.  20  is  a  design  for  a 
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Fig,  22. — De  Man  Flat  Slab  Floor  in  the  Metropolitan  Life  Building.  New 

York   City. 
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6-ft.  span  and  Fig.  21  is  a  design  for  a  i6-ft.  span.  The  long-span 
construction  is  designed  for  spans  up  to  24  ft.,  but  for  spans  over  16  ft. 
the  saving  in  metal  is  small  for  ordinary  floor  loads.  For  a  load  of 
100  lbs.  per  sq.  ft.  a  20- ft.  span  has  6-in.  bars  spaced  every  2  ft,  and 
a  slab  depth  of  'jYi  ins. 

De  Man. — Fig.  22  shows  the  flat  slab  construction,  with  bar  rein- 
forcement, devised  by  Mr.  Alphonse  De  Man  (American  Fireproofing 
and  Cement  Co.,  New  York,  N.  Y.).  This  particular  floor  was  em- 
ployed in  the  16-story  Metropolitan  Life  Building  in  New  York  City 
for  some  60,000  sq.  ft.  of  flooring.  The  reinforcement  is  parallel 
iX/^"^"-  ^^^  b^^s  crimped  at  intervals  and  set  upright;  the  spacing 
of  the  bars  is  from  6  ins.  to  12  ins.,  depending  on  the  load.  The  slab, 
is  constructed  of  1-2-5  cinder  concrete.  The  continuity  of  the  bars 
over  consecutive  floor  bays  is  a  structural  feature  of  this  floor.  This 
construction  has  been  used  in  spans  up  to  8  ft. ;  for  this  span  and  a 
load  of  150  lbs.  per  sq.  ft.  the  structural  design  of  the  company  calls 
for  a  4-in.  slab  and  J4X/^  i"-  ^^irs  spaced  3  ins.  apart. 

Rocbling. — A  flat  slab  construction  (Roebling  Construction  Co., 
New  York,  N.  Y.)  with  plain  flat-bar  reinforcement  is  shown  by  Fig. 
23.     The  reinforcing  bars  are  not  formed,  but  in  long-span  construe- 
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Fig.  23.— Rocbling  Flat  Slab  Floor. 


tions  they  are  bent  downward  or  depressed  toward  mid-span.  They 
are  set  upright  and  given  a  quarter  turn  so  as  to  lie  flat  where  they 
hook  over  the  beams;  the  spacing  is  preserved  by  spacing  bars  with 
hook-ends,  and  it  varies  in  distance  with  the  span  and  loading.  The 
slab  is  composed  of  a  1-23^-6  cinder  concrete.  Floors  of  this  con- 
struction are  built  to  spans  of  20  ft.  or  over,  but  such  long  spans  are 
not  advocated  by  the   builders.     The   short-span   constructions  have 
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been  employed  extensively.     The  drawing  shown  is  from  standard 
l^lans. 

Hennchiquc. — The  drawings  of  Fig.  24  and  25  show  flat  slab  con- 
structions employed  by  Mr.  Fran<;ofs  Hennebique  and  his  licensees, 
when  supporting  walls  are  close  enough  to  permit  of  a  plain  slab  span. 
The  construction  is  seldom  used  for  si)ans  greater  than  5  m.  (16.4  ft.) 
unless  support  is  had  for  all  four  edges  of  the  slab.  Three  forms  of 
reinforcement  are  employed.  Of  these  the  form  shown  by  Fig.  24  is 
the  most  characteristic.  It  consists  of  alternate  straight  and  bent 
bars  placed  parallel  to  each  other  and  in  the  direction  of  the  span. 
The  straight  bars  are  located  close  to  the  bottom  of  the  slab  and  are 
tied  to  the  concrete  above  by  flat  iron  stirrups.     The  ends  of  these 
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Fig.  24. — Hennebique   Flat   Plate  wiih  Single  Reinforcement. 


bars  are  turned  up  to  anchor  ihcni  to  the  concrete.  The  bent  bars 
start  near  the  top  of  the  slab  at  each  end,  bent  downward  so  that  in 
the  middle  of  the  si)an  they  are  in  the  same  horizontal  plane  as  the 
straight  bars.  These  curved  bars  are  without  stirrups.  The  distance 
apart  of  the  bars  is  determined  by  calculation;  generally  there  are 
from  three  to  six  per  meter  width  of  the  slab,  and  their  diameter 
varies  from  8  to  20  mm.  (0.32  to  0.8  in.)  The  stirrups  are  of  20X 
1.5  mm.  (0.8X0.06  in.)  flat  iron.  At  the  ends  of  its  span  the  slab 
is  encased  in  the  wall  masonry.  The  particular  floor  illustrated  by 
Fig.  24  is  one  of  4.7  m.  (15.42  ft.)  span  constructed  in  1897  for  a  bank 
building  at  Basel,  Switzerland.  The  second  and  third  forms  of  rein- 
forcement are  both  designed  for  floors  covering  approximately  square 
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openings,  and  supported  on  all  four  edges,  and  both  are  similar  in 
having  two  sets  of  parallel  reinforcing  bars  at  right  angles  to  each 
other.  Fig.  25  shows  one  of  these  forms  of  reinforcement.  As  will 
be  seen,  the  bars  in  one  direction  are  straight  and  are  placed  at  the 
bottom  of  the  span,  and  the  bars  at  right  angles  to  these  are  alternately 
straight  and  bent,  as  in  the  floor  shown  by  Fig.  24.  Stirrups  are  ar- 
ranged as  shown.  The  second  form  of  double  reinforcement  is 
exactly  like  that  of  Fig.  25,  except  that  the  bent  bars  are  replaced  by 
straight  bars  at  the  top  of  the  slab. 

Examples  with  Metal  Meshwork  Reinforcement. — Two  types   of 
metal   meshwork   reinforcement   are   to  be   distinguished:    a   woven 
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Fig.  25. — Hennebique  Flat  Plate  Floor  with  Double  Reinforcement. 

fabric  or  netting  of  steel  wires  and  perforated  or  expanded  steel 
sheets.  Both  forms  are  used  substantially  alike  in  flat  slab  construc- 
tions. For  slabs  resting  on  the  top  of  the  floor  framing  or  set  between 
the  top  flanges  of  consecutive  beams  the  reinforcing  meshwork  is 
made  continuous  over  consecutive  floor  bays;  for  slabs  set  between 
beams  and  resting  on  the  bottom  flanges  the  reinforcing  meshwork  is 
a  separate  sheet  for  each  floor  bay. 

Where  the  reinforcement  is  continuous  over  consecutive  floor  bays 
a  variation  of  construction  has  to  be  noted,  depending  upon  whether 
use  is  made  of  either  woven  or  built-up  wire  netting  or  of  expanded  or 
perforated  sheet  steel.  Wire  netting  is  produced  commercially,  or,  if 
built  up,  can  be  made  in  continuous  sheets  of  nearly  any  reasonable 
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length  and  of  a  variety  of  widths.  Sheet  metal  meshwork  is  produced 
commercially  in  sheets  of  certain  limited  dimensions  only;  for  ex- 
ample, the  longest  obtainable  sheets  of  expanded  metal  are  8  ft.  long 
and  6  ft.  wide.  Continuous  reinforcement  of  expanded  metal  covering 
a  number  of  bays  of  floor  can  be  obtained  only  by  frequent  splicing 
of  the  reinforcing  sheets  transversely  to  the  direction  of  span.  This 
is  true  also  of  other  forms  of  sheet-steel  meshwork.  With  wire  netting 
as  usually  laid  there  are  no  joints  between  walls  transversely  of  the 
span.  The  usual  method  of  splicing  is  to  lap  the  consecutive  sheets 
of  reinforcement  and  in  case  special  security  is  desired  to  fasten  the 
overlapping  meshes  with  wire  ties. 

Expanded  Metal. — Fig.  26  is  a  standard  floor  with  expanded  metal 
reinforcement,  as  designed  by  the  companies  using  this  reinforcement 
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(Associated  Expanded  Metal  Companies,  New  York  City).  The  slab 
up  to  spans  of  6  ft.  is  made  3  ins.  thick  of  a  1-2-6  cinder  concrete; 
the  reinforcement  is  located  in  the  lower  inch  of  the  slab  and  is  made 
continuous  over  the  beams.  Another  approved  construction  is  to 
locate  the  slab  so  that  its  edges  embed  the  top  flanges,  the  reinforcing 
metal  passing  over  the  beams  and  being  depressed  toward  the  bottom 
of  the  slab  at  mid-span.  A  third  form,  less  commonly  used  than  the 
two  preceding  forms,,  consists  of  a  slab  placed  between  the  beams 
with  its  edges  resting  on  the  upper  faces  of  the  bottom  flanges.  In 
this  form  the  reinforcing  metal  is  a  separate  sheet  for  each  span. 
Variations  from  these  standard  forms  are  employed  when  floors  of  un- 
usually long  span  or  for  extraordinary  loads  are  designed ;  the  follow- 
ing is  an  example : 

For  a  warehouse  floor  of  1 1  ft.  i  in.  span  to  carry  a  load  of  400  lbs. 
per  sq.  ft.,  the  construction  consisted  of  a  stone  concrete  slab  6J/2  ins. 
thick,  veneered  on  its  underside  with  1J/2  ins.  of  cinder  concrete.  The 
reinforcement  consisted,  first,  of  a  horizontal  sheeting  of  expanded 
metal  i  in.  above  the  bottom  of  the  stone  concrete  slab,  and,  second,  of 
two  sheets  of  the  same  metal,  one  hooked  over  the  top  of  each  beam 
with  its  free  end  extending  downward  into  the  slab  toward  mid-span. 
For  the  horizontal  reinforcement  two  sheets  of  No.  4  gage  8-in.  mesh, 
S  ft.  long,  were  laid  so  as  to  lap  5  ft.  5  ins.  through  the  middle  portion 
of  the  span.  The  composition  of  the  slab  concrete  was  as  follows: 
For  the  top  i  in.,  i  part  cement,  i  part  sand  and  i  part  j4->n.  broken 
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stone;  for  the  next  5>4  ins.,   i  part  cement,  2j4  parts  gravel  and  6 
parts  anthracite  cinders. 

Wire  Fabric. — The  drawings  of  Figs.  27  to  29  show  slab  floors  rein- 
forced with  different  forms  of  wire  fabric.  A  common  construction 
is  to  place  the  slab  on  top  of  the  beams,  and  make  the  reinforcing 
wires  continuous  from  wall  to  wall  in  both  directions.  Fig.  27  is  a 
standard  design  (W.  N.  Wight  &  Co.,  New  York,  N.  Y.)  with  lock- 


PiG.  27. — ^Lock- woven  Steel  Fabric  Slab,  Standard  Design. 

woven  wire  fabric  reinforcement.  (See  page  364.)  The  fabric  is 
made  continuous  over  consecutive  floor  bays  and  the  slabs  are  con- 
structed of  a  1-2-5  cinder  concrete.  For  spans  greater  than  8  ft.,  two 
layers  of  fabric  or  netting  are  used,  the  second  being  laid  on  top  of  the 
first  so  that  the  strands  are  staggered.  Fig.  28  shows  a  popular  con- 
struction with  the  slab  arranged  so  that  it  embeds  the  lower  flange  of 
the  beams.  It  will  be  noticed  that  the  netting  is  made  continuous 
over  consecutive  floor  bays.  The  particular  floor  illustrated  was  used 
in  the  17-story  addition  to  the  Hotel  Imperial,  New  York  City.  Fig. 
29  is  a  standard  construction  (Clinton  Wire  Cloth  Co.,  Clinton, 
Mass.)  with  electrically  welded  wire  fabric.  (See  page  363.)  For 
longer  spans  the  slab  is  made  thicker  and  the  weight  of  the  netting 
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Fig.  28. — Lock-woven  Steel  Fabric  Slab.     Arranged  to  embed  the  lower 
flange  of  the  beams  and  give  a  plane  surface  for  the  ceiling. 

is  increased  by.  reducing  the  size  of  mesh  and  increasing  the  size  of  the 
component  wires.  The  netting  is  invariably  made  continuous  from 
v»-all  to  wall,  lengthwise  of  the  span ;  and  the  standard  composition 
is  a  1-2-5  cinder  concrete. 

This  netting  is  arranged  with  the  heavy  carrying  bars  lengthwise 
of  the  span,  and  the  light  distributing  bars  are  wires  crosswise  of  the 
span.  In  Monier  floors  of  this  form,  as  their  construction  is  prac- 
ticed abroad,  the  beams  are  spaced  from  2  m.  (6.56  ft.)  to  2.5  m. 
(8.2  ft.)  apart;  the  thickness  of  slab  varies  from  4  cm.  (1.57  ins.) 
to  10  cm.  (3.94  ins.)  ;  the  carrying  rods  are  from  5  mm.  to  10  mm. 
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(0.18  in.  to  0.39  in.)  in  diameter  and  are  spaced  5  cm.  (1^7  ins.) 
apart;  the  distributing  rods  are  from  3  mm.  to  6  mm.  (0.12  in.  to 0.24 
in.)   in  diameter  and  are  wired  to  the  carrying  rods  with  i  mm. 


(0.03  in.)    wire;   the  slab  is  made  of   i   part  cement  and  3  parts 
sand  mortar. 

Arched  Slab  Constructions. — Arched  slabs  between  steel  beams  have 
been  developed  and  employed  chiefly  in  Europe,  where  they  are  used 
for  long  spans  and  heavier  loads  than  are,  ordinarily,  flat  slabs.  They 
require,  theoretically,  special  provision  in  the  floor  framing  and  side 
walls  to  take  care  of  arch  thrust,  but  in  practice  it  is  common  to  rely 
on  the  natural  stiffness  of  the  beams  and  walls  to  resist  such  lateral 
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stresses  as  result  from  the  arch  action  of  the  floor  slabs.  When 
special  provision  is  made  it  consists  usually  in  connecting  the  beams 
by  tie-rods. 

Melan, — The  arch  slab  construction  of  Professor  Melan,  familiar  to 
American  engineers  in  numerous  bridges,  is  widely  used  in  Europe  for 
floors  up  to  24- ft.  span.  For  spans  under  10  ft.  the  reinforcing  ribs 
are  T-iron  and  for  spans  over  10  ft.  I-beams  are  used. 

The  concrete  commonly  used  is  a  1-2-4  stone  mixture.  The  rise 
of  the  arches  varies  from  J^  to  ^  of  the  span. 

Monier. — Several  forms  of  arch  slab  floors,  with  reinforcement  of 
Monier  netting,  are  used  in  Europe.  These  arched  slabs  are  of  sub- 
stantially the  same  composition  of  concrete  and  same  weights  of  rein- 
forcement as  are  the  flat  slabs  described  on  page  181  i  The  arched 
slab  is  given  a  thickness  of  0.05  m.  (1.96  ins.)  generally,  and  has  a 
rise  of  about  -^3^  the  span. 

Wight. — A  novel  form  of  arch  slab  construction  (W.  N.  Wight 
&  Co.,  New  York,  N.  Y.)  is  shown  by  Fig.  30.    In  this  construction 


^"Oalv.  Lock'Woy*frT  S'i'epI  Fabric 
Fig.  30.— Arch  Slab  with  Flat  Slab  Tie  Beam. 


the  feet  of  the  arch  slab  are  connected  by  a  reinforced  flat  slab  arching 
as  a  tie  to  take  the  thrust.  The  construction  has  been  approved  for 
spans  of  6  ft.  for  loads  of  300  lbs.  per  sq.  ft.  by  the  Bureau  of  Build- 
ings of  New  York  City. 

Flat-topped  Arch  Constructions. — The  flat-topped  arch  is  one  of  the 
oldest  forms  of  concrete  floor  construction.  The  early  construction 
was  to  spring  a  curved  sheet  of  corrugated  steel  or  a  similar  sheet  of 
close-meshed  stiff  wire  netting  from  the  tops  of  the  bottom  beam  flanges 
and  fill  above  it  with  concrete  to  the  level  of  the  beam  tops.  The  under- 
side of  the  metal  is  uncovered  if  corrugated  or  plain  sheet  steel  is  used, 
and  plastered  if  wire  meshwork  is  used.  This  construction  is  not 
reinforced  concrete  and  is  not  further  noticed  here;  there  are,  how- 
ever, a  number  of  forms  of  true  reinforced  concrete  flat-topped  arch 
constructions.  In  these  the  soffit  of  the  arch  is  usually  a  circular 
segment  for  spans  of  8  ft.  and  under  and  a  flat  curve  for  longer  spans. 
Both  separate  bars  and  metal  meshwork  are  used  for  reinforcement; 
the  latter  is  the  more  common.  The  arch  thrust  is  taken  by  tie-rods 
between  the  supporting  beams. 
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Clinton. — Fig.  31  is  a  standard  construction  (Clinton  Wire  Cloth 
Co.,  Clinton,  Mass.)  with  electrically  welded  wire  fabric  reinforce- 
ment. Both  cinder  and  stone  concrete  are  used  for  the  arch,  and  the 
reinforcement  is  laid  parallel  to  and  about  i  in.  from  the  underside 


^$mty^ifhk  Top  finish 


A^Ondtr  C^fKrr^ 


-'■  "'   ^OXfeQ > 


Fig.  31. — Flat  Top  Arch  with  Electric  Welded  Fabric. 

of  the  arch.  Substantially  the  same  construction  is  employed  for 
other  forms  of  metal  meshwork  reinforcement. 

Wiinsch. — Fig.  103,  on  page  241,  shows  the  flat-topped  arch-con- 
struction designed  by  Robert  Wiinsch  of  Budapest,  Hungary.  The  re- 
inforcement consists  of  parallel  reinforcing  frames  each  composed  of  a 
curved  intradosal  member  and  a  horizontal  extradosal  member,  both 
riveted  to  the  floor  beams.  The  members  are  T-bars  so  arranged  that 
their  webs  lap  at  the  crown  of  the  arch  and  are  riveted  together.  This 
construction   is  essentially  a  long-span   construction. 

De  Man. — Fig.  32  shows  a  flat-topped  arch  designed  by  Mr.  .\1- 
phonse  De  Man  (American  Fireproofing  &  Cement  Co.,  New  York, 


Drtail  Cff  Btrr- 
Fig.  32. — De  Man  Flat  Top  Arch. 

N.   Y.)    for  the  first  floor  of  the  Metropolitan  Life  Building,  New 
York  City.     The  concrete   was  a   1-2-5   cinder  mixture. 

Hcnnchiquc. — F'ig.  33  shows  a  flat-topped  arch  floor  employed  in 
the  Petit  Palais  de  Beaux  Arts  at  the  Paris  Exposition  of  1900,  and 
designed  by  Mr.  F.  Hennebique.  Two  adjacent  galleries  were  spanned 
by  arches  of  6.1  m.  (20  ft.)  span,  each  designed  to  carry  a  load  of 
1,100  kgs.  per  square  meter.  These  floors  are  carried  by  walls  in- 
stead of  steel  beams,  but  they  belong  in  principle  with  constructions 
of  the  class  being  considered  rather  than  with  those  of  the  second 
class  or  all-concrete  floors. 
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All-concrete  Floors. — Floors  of  the  second  class  or  of  all-concrete 
construction  all  have  the  form  of  slabs  stiffened  by  ribs.  The  stiffen- 
ing ribs  take  the  place  of  the  steel  beams  and  joists  of  constructions  of 
the  first  class,  and  they  usually  consist  of  a  series  of  parallel  heavy 
ribs  which  form  girders  resting  on  the  building  columns  and  walls, 
and  of  similar  series  of  secondary  ribs  at  right  angles  to,  and  sup- 
ported by,  the  main  ribs  or  girders.  Two  types  of  construction  are 


Fig.  22- — Hennebique  Plain  Arch  Floor. 

employed :  in  one  the  floor  slabs  and  the  girders  and  beams  supporting 
them  are  molded  in  place  and  in  one  piece ;  in  the  other  the  floor  slabs 
or  the  supporting  girders  or  both  are  molded  separately  and  after- 
wards erected  into  the  structure  member  by  member.  The  first  type 
of  construction  has  been  most  used.    A  number  of  "systems"  of  each 
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Fig.  34. — Chaudy  System,  Elementary  Beam  with  One  Pair  of  Rods. 


type  of  construction  have  been  devised,  and  the  greater  number  if  not 
all  of  them  are  patented  in  one  respect  or  another. 

The  examples  of  slab  and  joist  floors  presented  in  the  following 
paragraphs  are  in  some  cases  floors  chosen  from  buildings  actually 
erected  as  typical  of  the  "system"  being  considered,  and  in  other  cases 
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arc  simply  standard  floor  designs  illustrative  of  that  "system."  The 
distinction  is  noted  in  each  case. 

Examples  of  Monolithic  Constructions, — Examples  of  monolithic 
slab  and  joist  floors  are  so  numerous  that  space  permits  of  a  very 
brief  description,  only,  of  many  of  them,  while  several  of  the  less  im- 
portant cannot  be  mentioned  at  all.  They  are  all  characterized  by  the 
molding  in  place  and  in  one  piece  of  the  slabs  and  girders. 

Chaudy. — The  construction  devised  by  Mr.  Chaudy  (Societe  des 
Travaux  en  Ciment  de  la  Plaine-Saint-Denis,  Paris,  France)  is  shown 
in  its  simplest  form  by  Figs.  34  and  35.  In  his  calculations  for  beams, 
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Fig.  35.--Chaudy  System,  Arrangement  of  Reinforcement  when  Four  Pairs 

of  Rods  are  used. 

the  designer  considers  the  concrete  as  serving  simply  as  a  web  con- 
necting chords  composed  of  steel  rods  set  parallel  side  by  side.  The 
round  iron  stirrups,  as  shown  by  Fig.  34,  tie  the  bars  rigidly  together. 
If  instead  of  single  top  and  bottom  bars  two  or  more  are  used  the 
stirrups  form  hoops  encircling  the  two  groups  of  bars.  Floors  are 
considered  as  a  series  of  beams  connected  to  each  other.     The  bent 


Fig.  36. — Coignet  System,  T-Beam  Section. 


rods  traverse  the  slab  crosswise  of  the  span.  When  a  floor  has  several 
bays  the  main  rods  are  overlapped  over  the  beams  and  the  ends  bent 
to  form  hooks. 
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Coignet. — ^The  construction  designed  by  Mr.  Edmund  Coignet  of 
Paris,  France,  is  shown  by  Fig.  36.  The  floor  slab  varies  from  2  to 
7.87  ins.  in  thickness  and  is  reinforced  either  at  the  bottom  or  at 
both  top  and  bottom  by  a  netting  of  longitudinal  and  transverse  bars 
wired  together  at  intersections;  the  transverse  bars  are  spaced  about 
5.63  ins.  apart  and  are  0.24  in.  in  diameter;  they  rest  directly  on  the 
longitudinal  bars  which  are  spaced  about  3.94  ins.  apart.  When 
both  top  and  bottom  reinforcement  are  used  the  bottom  longitudinal 


Fig.  37. — Slab  and  Girder  with  de  Creches  Reinforcement. 

bars  are  connected  by  round  stirrups  to  the  top  longitudinal  bars; 
the  top  netting,  as  a  whole,  is  made  lighter  than  the  bottom  netting. 
In  designing,  the  beams  are  considered  to  be  of  T-section,  half  the 
slab  span  on  each  side  of  the  beam  being  considered  as  acting  with 
the  beam  proper.  The  reinforcement  of  the  beam  consists  of  top  and 
bottom  bars,  the  number  of  each  varying  with  the  dimensions  of  the 
beam. 

Societe  des  Chaux  ct  Ciments  dc  Creches. — The  construction  em- 
ployed by  this  French  firm  is  shown  by  Fig.  37.  The  beam  reinforce- 
ment consists  of  a  large  bottom  rod  and  a  small  top  rod  tied  together 


B. 

'Fig.  38. — De  Valliere  System.    A  Shows  a  Beam  with  One  Rod,  and  B 
Shows  a  Beam  with  Three  Rods. 
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by  vertical  members  of  wire,  arranged  as  shown.  The  floor  slab  rein- 
forcement consists  of  parallel  round  rods  running  across  the  beam. 

De  Vallicrc, — The  construction  devised  by  Mr.  E.  De  Valliere  (Dc 
Valliere,  Simon  et  Cie,  Lausanne,  France)  is  shown  by  F"ig.  38.  The 
characteristic  feature  of  the  construction  is  the  peculiar  form  of  verti- 
cal reinforcement;  this  is  shown  for  a  beam  reinforced  with  one  rod 
by  drawing  A  and  for  a  beam  reinforced  with  three  rods  by  drawing  B, 
The  slab  reinforcement  consists  of  parallel  bottom  rods  laid  at  right 
angles  to  the  beam  and  each  having  a  vertical  reinforcement  exactly 
like  that  for  beams,  reaching  upward  into  the  slab. 

Hennebique. — The  several  principal  forms  of  slab  and  girder  floor 
construction  employed  by  Mr.  F*.  Hennebique  of  Paris,  France,  are 
shown  by  the  drawings  of  Figs.  39  to  41.  (ienerally,  two  sets  of 
girders  are  employed,  a  set  of  main  girders  between  columns  or  walls 
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Fig.  39. — Hennebique  Floor  with  Double  System  of  Beams. 

and  a  set  of  secondary  girders  or  joists  at  right  angles  to,  and  sup- 
ported by,  the  main  girders.  The  span  of  the  main  girders  is  usually 
kept  down  to  5  to  7  m.  (16.4  to  23  ft.),  but  has  been  made  as  much  as 
14  m.  (45.9  ft.).  The  form  and  arrangement  of  the  reinforcement  for 
main  and  secondary  ribs  are  illustrated  by  Fig.  39,  which  shows  sec- 
tions of  the  floors  for  the  Palais  de  Justice  at  Viviers,  France.  Each 
main  rib  is  reinforced  by  round  rods  arranged  in  pairs,  each  of  which 
is  composed  of  a  straight  bottom  rod  and  a  bent  top  rod.  The  diam- 
eter of  the  rods  never  exceeds  50  mm.  (1.97  ins.)  and  the  number  of 
pairs  employed  depends  upon  the  total  section  of  reinforcement  re- 
quired. The  lower  bar  of  each  pair  is  provided  with  strap-iron  stirrups 
reaching  vertically  upward  into  the  concrete.  The  bars  are  so  spaced 
that  there  is  from  3  to  6  cm.   (1.2  to  2.4  ins.)  of  concrete  between 
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Fig.  40. — Hennebique  Floor  with  Single  System  of  Beams. 

them  at  all  points,  and  the  bottom  bars  are  kept  at  least  25  mm.  (i  in.) 
from  the  bottom  of  the  concrete.  The  main  ribs  are  firmly  anchored 
into  the  supporting  walls  by  the  reinforcing  rods.  The  reinforcement 
of  the  secondary  beams  is  practically  the  same  as  that  of  the  main 
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Fig.  41. — Hennebique  Arch  Ribbed  Floor. 
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girders,  but  seldom  consists  of  more  than  one  pair  of  bars.  These  are, 
however,  made  continuous  through  the  main  girders  as  shown.  Tbe 
reinforcement  of  the  slab  proper  is  always  one  of  the  forms  described 
on  page  178.  In  some  cases  the  secondary  girders  are  omitted.  Fig. 
<^o  shows  such  a  construction,  which  was  employed  at  the  Petit  Palais 
des  Beaux  Arts  at  the  Paris  Exposition  of  1900.  This  floor  has  a 
span  of  7.35  m.  (24.11  ft.)  for  the  girders,  which  are  spaced  2.316  m. 
(7.58  ft.)  apart,  and  was  designed  for  a  load  of  800  kgs.  per  square 
meter.  In  some  cases  also  the  main  ribs  are  made  with  a  curved  bot- 
tom, as  shown  by  Fig.  41.  This  floor  was  employed  in  a  machine 
shop  at  Nantes,  France.  The  main  girder  has  a  span  of  7.91  m. 
(25.95  ^*-)-  I"  place  of  the  slab  and  joist  construction  between  main 
girders  a  flat-topped  arch  construction   (Fig.  33)   is  employed. 

Ransomc, — Different  constructions  are  employed  by  the  companies 
employing  the  twisted  square  bar  reinforcement,  invented  by  Mr. 
E.  L.  Ransome.  A  representative  example  of  Mr.  Ransome's  own 
designing  is  furnished  by  the  building  illustrated  in  Fig.  42.  This 
building  was  designed  for  a  machine  shop,  and  is  62  ft.  wide  and 
522  ft.  long.  The  floors  are  carried  by  four  longitudinal  rows  of 
columns,  a  row  in  each  side  wall  and  two  rows  between  side  walls. 
The  rows  of  columns  are  20  ft.  apart  between  centers,  transversely  of 
the  building,  and  the  columns  in  each  row  are  20  ft.  apart  center  to 
center.  Each  transverse  row  of  columns  carries  a  floor  girder,  and 
between  each  pair  of  girders  there  is  a  bridging  beam  extending  across 
the  building  from  wall  to  wall.  The  girders  and  bridging  beams  earn' 
floor  beams  spaced  3  ft.  apart  and  at  right  angles  to  the  girders.  Tbc 
floor  slab  rests  on  top  of  the  beams  and  girders  and  is  in  one  piece 
with  them.  The  drawings  show  the  character  of  the  reinforcement. 
Straight  horizontal  bars  are  used  exclusively,  and  in  the  girders  the 
bottom  bars  rest  in  the  loops  of  U-bars  spaced  at  intervals  lengthwise 
of  the  membeV.  A  1-2-4  concrete  of  small  stone  or  gravel  was  used. 
The  other  details  of  construction  appear  in  the  drawing.  The  build- 
ing forms  part  of  the  plant  of  the  United  Shoe  Machinery  Co.  at 
Beverly,  Mass. 

A  second  example  of  Mr.  Ransome's  own  designing  is  shown  in 
^ig-  43  J  the  design  is  notable  for  the  box-girder  and  inverted  U-girder 
constructions  employed.  The  building  is  60  ft.  wide  and  300  ft.  long, 
and  was  constructed  for  the  brass  works  of  Kelly  &  Jones  Co.,  of 
Greensburg,  Pa.  There  are  four  lines  of  columns,  one  in  each  side 
wall  and  two  between  walls.  The  column  spacing  in  both 'directions 
is  20  ft.  center  to  center.  It  is  to  be  noted  also  that  each  floor  is  a 
continuous  concrete  slab  60  ft.  wide  and  300  ft.  long,  which  separates 
the  tiers  of  columns  above  and  below.     Considering  only  the  girder 
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Fig.  42. — Machine  Shop  at  Beverly,  Mass.     Ransome  Construction. 
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and  slab  construction,  it  will  be  seen  from  the  drawings  that  the  wall 
piers  or  columns  carry  an  outside  box-girder  at  each  floor  level.  Ench 
transverse  row  of  piers  and  columns  carries  a  main  transverse  girder 
of  inverted  U-section  or  a  "double"  girder.     These  main  girders  arc 
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Fig.  43. — Ransomc  Floor  and  Girder  Construction.  Kelly  and  Jones' 
Factory.  Greensburg,   Pa. 


20  ft.  apart  and  between  each  pair  is  a  secondary  transverse  girder  or 
bridging  beam  which  takes  support  at  the  ends  on  the  wall  girders. 
Over  each  interior  column  the  two  webs  of  the  main  transverse  are 
filled  between  with  concrete  so  as  to  make  a  solid  slab  3  ft.  square.  The 
floor  beams  at  right  angles  to,  and  supported  by,  the  main  and  second- 
ary transverse  girders  are  spaced  3  ft.  8  ^  ins.  apart  on  centers.  All 
girders  and  beams  are  of  the  same  depth,  14  ins. ;  the  webs  of  the  main 
girders  are  each  9  ins.  wide,  the  secondary  girders  are  4  ins.  wide  and 
the  floor  beams  are  3  ins.  wide.  The  floor  slab  is  3  ins.  thick.  The 
characteristic  straight  bar  reinforcement  is  used  with  U-bar  stirrups. 
The  concrete  was  a  1-2-4  .>4-in.  broken  stone  mixture.  All  floors 
were  designed  for  a  uniform  load  of  250  lbs.  per  sq.  ft. 

As  indicated  by  the  examples,  Mr.  Ransome  makes  his  floors,  so  far 
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as  is  practicable,  continuous  diaphragms  by  molding  them  in  one  piece 
with  the  wall  girders.  In  some  instances,  as  in  the  second  example 
presented,  the  continuity  of  the  floor  platform  is  perfect;  it  actually 
separates  the  columns  and  walls  above  and  below  it  Usually,  how- 
ever, the  construction  resembles  more  nearly  that  of  Fig.  44.  The 
characteristic  structural  details  are  the  bridging  beams  or  secondary 
girders  between  each  pair  of  column-supported  main  girders  and  the 
use  of  straight-rod  reinforcement  for  all  girders  and  beams. 

The  floor  construction  with  twisted  square  bar  reinforcement  shown 
in  Fig.  45  is  that  developed  by  the  Turner  Construction  Co.     These 
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Fig.  45. — Floor  of  the  Medical  Laboratory,  Brooklyn  Navy  Yard. 

drawings  show  one  of  the  floors  for  the  Medical  Laboratory  of  the 
Brooklyn  Navy  Yard.  Spanning  the  space  between  girders  are 
beams  spaced  sJ^  ft.  apart,  and  on  these  beams  rests  the  floor  slab. 
The  beams  in  the  end  bays  have  clear  spans  of  lyj/i  ft.,  and  those 
spanning  all  intermediate  bays  have  clear  spans  of  15  feet  The 
girders  have  two  end  spans  of  20  ft.  each  and  a  middle  span  of 
24  ft.  The  points  to  be  noted,  in  comparison  with  the 
Ransome  designs  previously  described,  are  the  vertical  spacing-bar 
stirrups,  the  bent  rods  and  the  wall  anchors.  The  design  of  the  stir- 
rups is  such  that  it  holds  the  tension  bars  the  proper  distance  above 
the  beam  bottom  by  having  its  top  ends  hooked  to  hang  on  the  slab 
forms.  The  wall  anchors  consist  of  rods  built  into  the  brickwork; 
the  girder  and  beam  rods  are  hooked  over  the  anchor.  The  concrete 
used  was  1-2-3  half  trap  rock  ()i-in.)  and  a  half-gravel  mixture. 

Turner, — Fig.  46  shows  the  slab  and  girder  floor  construction  pat- 
ented and  used  in  a  number  of  buildings  by  Mr.  C.  A.  P.  Turner. 
Minneapolis,  Minn.     These  particular  drawings  show  the  construe- 


BUILDING  CONSTRUCTION. 


195 


tion  employed  in  a  warehouse  for  the  Northwest  Knitting  Co.,  Minne- 
apolis, Minn.;  the  building  was  designed  for  a  floor  load  of  500  lbs. 
per  sq.  ft,  and  is  63  ft.  i  in.Xi84  ft.  6  ins.  in  plan.  The  building  is 
divided  by  three  longitudinal  rows  of  interior  columns  and  two  rows 
of  wall  plasters  into  rectangular  bays.     Of  the  four  transverse  bays 


Fig.  46. — Turner  Slab  and  Girder  Floor  Construction. 

two  at  the  middle  have  spans  of  15  ft.  and  two  at  the  sides  have 
spans  of  16  ft.  ij^  ins.,  and  of  the  eleven  longitudinal  bays  two  at  the 
ends  have  spans  of  17  ft.  and  17  ft.  6  ins.,  respectively,  and  nine  have 
spans  of  16  ft.  8  ins.  The  columns  and  pilasters  carry  6-in.  transverse 
girders  and  three  longitudinal  girders,  each  girder  being  continuous 
over  all  supports.     The  girders  in  turn  carry  a  continuous  floor  slab 
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without  stiffening  ribs  or  beams.  This  girder  and  slab  construction 
is  shown  in  detail  by  the  drawings.  Referring  to  these,  it  will  be  seen 
that  the  girder  rods  are  carried  over  the  column  supports  and  that 
the  slab  rods  are  carried  over  the  girders  from  one  bay  to  another. 
In  addition  to  the  rod  reinforcement  each  girder  has  a  metal  mesh- 
work  bent  to  U-form  to  follow  the  periphery  of  the  bottom  and  sides, 
with  its  free  edges  bent  down  horizontally  so  as  to  reach  into  the 
floor  slab  concrete.  The  netting  used  is  McMullen's  diamond  mesh, 
4X2  ins.,  with  the  4-in.  dimension  running  transversely  of  the  girder. 
The  concrete  was  a  1-2-2  mixture  of  screened  crushed  stone  from 
pea  size  to  %  in.;  this  mixture  was  made  so  wet  that  it  could  be 
poured. 

The  characteristic  features  of  the  construction  described  are  a  floor 
slab  resting  directly  on  the  main  girders  with  no  intermediate  stiff- 
cners;  girder  and  slab  reinforcement  continuous  from  bay  to  bay;  a 
metal  meshwork  peripheral  reinforcement  for  girders,  and  the  use  of 
a  very  rich  and  very  wet  concrete  mixture. 

Unit  Girder  Frame, — In  the  construction  (Unit  Concrete  Steel 
Frame  Co.,  Philadelphia,  Pa.)  illustrated  in  Figs.  47  to  50,  the  vari- 
ous elements  (bars,  stirrups,  and  spacers)  are  so  connected  up  as  to 
form  a  reinforcing  frame  which  can  be  handled  and  placed  in  the 
wotk  as  a  single  unit.  The  main  reinforcing  bars  are  rolled  in  groups 
of  four  bars  with  connecting  webs  as  shown  by  Fig.  47.  After  being 
rolled  the  set  of  bars  is  placed  in  a  punching  press  which  cuts  rectang- 
ular slots  in  the  webs  at  3-in.  intervals.  The  web  metal  at  these  slots 
is  not  removed,  but  is  cut  through  on  three  sides  of  the  rectangle  and 
bent  down  so  as  to  form  an  ear  or  prong  connected  to  the  solid  web 
on  the  fourth  side. 

In  the  girder  shown  in  the  drawings  there  are  two  sets  of  four 
bars  placed  one  above  the  other.  The  bars  of  the  bottom  set  are  all 
straight;  in  the  top  set  the  two  intermediate  bars  affe  straight  and 
the  two  outside  bars  are  bent  up  for  about  one-third  their  length  at 
each  end.  Along  the  bent-up  portions  of  the  bar  the  web  is  sheared 
through  after  punching  so  as  to  disconnect  the  outside  bar  and  adja- 
cent intermediate  bar  and  leave  the  prongs  on  the  outside  bar.  It  will 
be  noticed  also  that  the  web  in  the  middle  portion  of  each  set  of  bars 
is  not  punched.  This  gives  the  full  section  to  resist  tension  at  the 
middle  of  the  beam,  but  requires  the  use  of  hanging  rods  to  give  the 
concrete  bond  with  the  steel  of  the  lower  bars.  For  the  lighter  beams 
only  one  set  of  bars  is  used,  as  shown.  The  bar  sections  shown  in 
Fig.  47  are  also  made  of  various  weights  to  suit  different  loadings. 

To  form  the  unit  frame  the  two  sets  of  bars  shown  in  Fig.  48  are 
-clamped  together  rigidly  by  clamps  constructed  as  shown  by  Figs.  49 
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and  50.  These  clamps  also  serve  to  space  the  reinforcement  the  proper 
distance  above  the  bottom  of  the  l>eam  and  for  attaching  a  stringer 
piece  for  the  attachment  of  shaft  hangers.  The  stirrups  are  loopcl 
through  the  slot  holes  and  fastened  by  hammering  the  prongs  t  - 


K    € 


Figs.  49  and  50. — Clamps  for  Uniting  Two  Sets  of  Bars  to  Form  Unit 

Frame. 


against  them.  They  have  slotted  holes  at  the  top  through  which 
is  threaded  the  floor  slab  reinforcement. 

The  construction  shown  in  Fig.  48  is  that  employed  in  a  printing 
establishment  in  Philadelphia,  Pa.,  built  in  1904. 

Kahn. — The  construction  (Trussed  Concrete  Steel  Co.,  Detroit, 
Mich.)  shown  by  Fig.  51  is  one  of  several  designed  for  trussed  bar 
reinforcement.  (See  page  368.)  It  is  a  combination  hollow  tile  and 
reinforced  concrete  construction  for  mo<lerate  loads.  The  particular 
construction  illustrated  was  employed  in  the  machine  shop  constructed 
for  the  American  Arithmometer  Co.,  Detroit,  Mich.,  in  1905.  This 
shop  is  126  ft.  wide  and  320  ft.  long.  The  main  floor  supports  arc 
transverse  girders  carried  by  the  walls  and  five  intermediate  columns 
spaced  20  ft.  10  ins.  apart  on  centers.  Longitudinally  of  the  building 
the  columns  are  spaced  16  ft.  9  ins.  apart  on  centers,  and  this  is  the 
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spacing  between  girders,  each  of  which  is  reinforced  by  two  bottom 
bars  and  one  top  bar  of  the  standard  "trussed  bar"  form  described  on 
page  368.  The  bridging  or  slab  between  girders  consists  of  rows  of 
tiles  set  end  to  end,  alternating  with  reinforced  concrete  beams.     The 
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Fig.  51. — Kahn  Construction,  Arithmometer  Building,  Detroit,  Mich. 


floor  is  constructed  by  laying  on  centering  the  rows  of  tiles  with 
spaces  between  them  and  then,  after  inserting  reinforcing  bars,  filling 
these  spaces  with  concrete.  In  the  construction  illustrated  the  rein- 
forced concrete  beams  are  4  ins.  wide  and  16  ins.  apart  on  centers;  the 
depth  of  the  tile  and  beam  is  10  ins.  This  floor  was  designed  to  carry 
ioo  lbs.  per  sq.  ft.  with  a  safety  factor  of  four. 
Fig.  52  shows  a  typical  all-concrete  floor  with  trussed  bar  rein- 
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Fig.  52.— Kahn  Typical  All  Reinforced  Concrete  Construction. 
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forcement ;  the  main  girders  A  carried  by  the  columns  divide  the  floor 
into  square  panels  bridged  by  a  plain  flat  slab.  Top  reinforcing  bars 
M  and  N  are  used  over  all  supports,  both  in  girders  and  slab,  and  form 
a  characteristic  feature  of  the  construction.  Sometimes  intermediate 
girders  are  introduced,  one  in  each  direction  and  midway  between 
columns,  dividing  the  main  panel  into  four  sub-panels.  A  more  com- 
mon construction  is  to  run  main  girders  over  columns  in  one  direc- 


FiG.  53. — De  Valliere  Floor  Construction. 


tion  only  and  to  span  the  space  between  girders  by  beams  spaced  from 
5  ft.  to  6  ft.  apart.  The  slab  and  girder  reinforcement  are  similar  in 
all  forms. 

Modified  De  Vallibrc. — The  floor  construction  shown 
^*£fs.  53  and  54  illustrates  the  typical  designs  made 
Mr.  J.  O.  Ellinger,  following  the  general  features  of 
De     Valliere     system.       Fig.     54     shows     the     characteristic 
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tribution   of   the   steel    reinforcement  employed,   and  Fig.  53  shows 


Frr..  54, — Reinforcement  for  Girder  and  Slab  of  De  Valliere  Floor. 
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a  typical  arrangement  of  girders  and  slabs.  Mr.  Ellinger  has  de- 
signed and  built  a  large  number  of  structures,  using  this  system,  one 
of  which  is  a  machine  shop  constructed  for  Mr.  Hugo  Bilgram  at 
I^hiladelphia,  Pa.     The  Bilgram  machine  shop  is  120  ft.  on  the  street, 
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iind  53  ft.  deep  and  five  stories  high;  joined  to  its  rear  is  a  one-story 
building  120  ft.  by  47  ft  with  a  saw-tooth  roof.  The  main  building 
is  divided  into  three  bays,  by  two  rows  of  columns  parallel  to  its 
longest  dimension.  Each  row  of  columns  carries  a  10X14  ^^^^ 
girder.  Between  these  girders,  at  right  angles  to  them  and  spaced 
3  ft.  7  ins.  apart,  are  6Xi2-in.  beams.  The  floor  slabs  are  4  ins. 
thick  for  the  second  floor  and  3  ins.  thick  for  the  floors  above  and  are 
in  one  piece  with  the  beams  and  girders.  All  floors  are  made  of  1-3-5 
trap-rock  concrete,  J^-in.  stone. 

A  design  for  a  50-ft.  floor  girder  employed  in  the  Robbins  garage 
in  New  York  City  is  shown  in  Fig.  55.  This  building  is  100X50  f*- 
in  plan  and  the  girders,  resting  on  26X24-in.  reinforced  concrete 
wall  columns,  span  the  building  transversely.  They  are  36  ins.  deep 
and  24  ins.  wide  and  carry  at  right  angles  6Xi4-in.  beams  spaced  6 
ft.  3  ins.  on  centers.  The  floor  slab  is  5  ins.  thick.  The  reinforce- 
ment consists  of  round  rods  arranged  as  shown  with  cross-frames  or 
stirrups  of  rods  laced  up  and  down  between  the  top  and  bottom  rods 
after  the  general  idea  of  De  Valliere  construction  (page  187).  The 
concrete  was  a  1-2-3  mixture  of  j4-in.  broken  stone  with  the  dust 
screened  out.  (Reinforced  Cement  Construction  Co.,  New  York, 
N.  Y.) 

Mensch. — Fig.  56  shows  the  47-ft»  clear  span  floor  girders  designed 
by  Mr.  L.  J.  Mensch  for  the  Masonic  Temple,  Toledo,  Ohio.  These 
girders  span  the  General  Assembly  Hall  and  the  Blue  Lodge  Room, 
and  having  to  carry  different  loads  have  the  several  cross-sections 
shown.  The  reinforcement  consists  of  round  rods  arranged  and  di- 
mensioned as  shown ;  in  the  floor  slabs  the  rods  were  laid  from  4  to  7 
ins.  apart  in  both  directions.  The  floor  beams  between  main  girders 
were  spaced  four  to  the  span  (47  ft.)  and  were  6X^0  ins.  in  cross- 
section.  The  main  girders  were  spaced  16  ft.  3  ins.  apart.  The  con- 
crete was  a  1-2-4  broken  stone  mixture.  These  floors,  though  of  ab- 
normally long-girder  span,  present  all  the  characteristics  of  the  con- 
struction employed  by  the  engineer  named :  round  rods  of  medium 
steel  for  reinforcement  and  a  reduction  of  the  number  of  supporting 
beams  to  the  lowest  economical  number,  taking  the  relative  cost  of 
forms  into  consideration. 

Examples  of  Separately  Molded  Piece  Construction. — The  number 
of  forms  or  "systems"  of  all-concrete  floors  in  which  the  slabs  or 
girders  or  both  are  separately  molded  and  then  erected  in  place,  like 
corresponding  members  of  steel-frame  floors,  is  small  as  compared 
with  the  number  of  monolithic  forms.  Such  forms  are  all  of  Euro- 
pean design ;  in  fact,  so  far  as  the  author  knows,  only  one  building  has 
been  erected  in  America  which  is  truly  of  separately  molded  piece 
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construction.  The  general  advantages  claimed  for  these  forms  of 
floor  construction  may  be  stated  as  follows :  The  pieces  may  be  man- 
ufactured at  leisure  on  the  ground  where  they  can  be  made  of  good 
material  under  close  supervision  and  inspection.  They  can  be  left 
to  harden  for  a  certain  specified  time  and  be  kept  moist  during  this 
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Fig.  56. — Mensch  Girder,  47- foot  Span,  Masonic  Temple,  Toledo,  Ohio. 

time  to  secure  the  best  results.  The  pieces  may  then  be  accepted  on 
specified  acceptance  tests  insuring  sound  beams  when  laid  in  place. 
No  falsework  is  required  for  the  erection  of  the  floor.  The  examples 
presented  in  the  succeeding  paragraphs  comprise  all  of  the  more  im- 
portant constructions  that  have  been  used  in  actual  construction. 
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Fig.  57. — Separately  Molded  Beam,  V'isintini  Construction. 
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^^isintinu — A  separately  molded  beam  construction  devised  by  Mr. 
Franz  Visintini  of  Zurich,  Switzerland  (Concrete- Steel  Engineering 
Co.,  New  York  City),  is  shown  by  Fig.  57.  These  particular  beams 
were  employed  in  a  machine  manufactory  constructed  at  Reading,  Pa., 
in  1905.  This  building  is  200  ft.  long  and  50  ft.  wide,  and  three  longi- 
tudinal rows  of  columns,  one  row  in  each  wall  and  one  row  midway 
between,  form  the  supports  for  the  three  floors  and  the  root.  The 
columns  are  spaced  25  ft.  ijj  ins.  apart  transversely  and  izVi  ft. 
apart  center  to  center,  longitudinally  of  the  building.  The  transverse 
spaces  are  spanned  by  24- ft.  girders  of  the  construction  shown  by  the 
drawing  A,  the  ends  of  the  girders  resting  on  column  brackets.  The 
space  between  parallel  transverse  trirder^  is  spanned  by  beams  of  the 


A. 

A.  Arrangement   of   reinforcing   members. 


B. 

B.  Section  showing  arrangement  of  beams  and  slabs. 
Fig.  58. — Pavin  de  Lafargc  System. 
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construction  shown  by  the  drawing  B,  set  side  by  side  close  together 
and  with  mortar  joints.  It  will  be  noticed  that  a  space  remains  be- 
tween the  ends  of  the  beams  forming  adjacent  floor  slabs;  this  space, 
continuous  across  the  building,  is  filled  with  concrete  in  which  a 
round  tie-rod  is  embedded.  The  reinforcement  of  the  slab  beams 
consists  of  three  J4"'"*  round  rods  in  the  top  chord  and  three  ^-in. 
rods  in  the  bottom  chord  connected  through  each  tension  diagonal  by 
three  iX/^-'n*  straps  with  punched  holes  in  the  ends,  through  which 
the  chord  rods  are  threaded.  The  construction  described  here  for  a 
specific  structure  is  the  typical  form  of  construction  with  Visintini 
beams  as  extensively  employed  in  Europe.  The  advantages  claimed 
for  it  are:  No  falseworks  are  required  for  the  erection  of  the  floor; 
each  beam,  being  molded  in  advance,  can  be  inspected  and  tested  be- 
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Fig.  59. — Cottangin  System,  Method  of  Placing  the  Ribs. 


fore  it  is  placed  in  the  structure;  a  material  saving  of  concrete  re- 
sults from  the  open  web  construction,  and  the  stresses  can  be  more 
definitely  determined  and  the  reinforcement  and  concrete  better  dis- 
posed to  meet  them  than  in  the  case  of  a  solid  beam. 

Pavin  de  Lafarge. — Fig.  58  shows  the  construction  formerly  em- 
ployed by  the  Societe  Pavin  de  Lafarge,  well-known  French  lime  and 
cement  manufacturers,  in  a  number  of  important  structures  and  now 
licensed  to  clients.  The  beams  and  ceiling  slabs  are  molded  in  place, 
while  the  floor  slabs  are  separately  molded  and  set  in  place  on  the 
beams.  The  slabs  are  reinforced  by  a  rectangular  meshwork  of  round 
bars. 

Cottangin. — The  construction  designed  by  M.  Cottanqin,  31  Boule- 
vard Diderot,  Paris,  France,  consists  of  a  slab  having  ribs  or  stiffeners 
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not  arrange  in  the  usual  rectangular  system  of  beams  and  girders, 
but  placed  diagonally,  crosswise  and  lengthwise  of  the  area  between 
walls.  Typical  arrangements  are  shown  by  the  sketch  Fig.  59.  The 
ribs  are  first  molded  in  place  and  the  slabs  are  molded  in  place  on  the 
ribs.  Fig.  60  is  a  section  through  slab  and  rib;  both  are  reinforced 
by  a  woven  wire  netting  and  are  never  thicker  than  2.36  ins.    The 


Fig.  60. — Cottan^in  System,  Section  Showing  Floor  Slab  and  Rib. 

bulbs  on  the  bottoms  of  the  ribs  are  designed  to  support  ceiling  slabs 
of  plaster.  These  floors  have  shown  remarkable  rigidity  under  test 
loads,  notwithstanding  their  exceeding  lightness. 

International  Floor  Construction. — Fig.  61  shows  a  form  of  ribbed- 
plate  floor  which  has  been  employed  in  building  construction  by  the 
International  Fence  and  Fi reproofing  Company.  The  peculiarity  of 
this  floor  is  the  use  of  steel- wire  ropes  in  connection  with  a  wire 
netting  for  reinforcing  both  slab  and  girders.  The  drawings  show  the 
arrangement  of  the  reinforcement  so  clearly  that  no  further  descrip- 
tion is  necessary.  It  will  be  noted  that  the  cables  are  anchored  to  the 
walls  and  are  continuous  from  wall  to  wall :  also  that  the  metal  fabric 
is  carried  on  the  tops  of  the  cables. 

Long-span  Girders. 

It  is  seldom  that  girders  exceeding  30  ft.  span  arc  required  in  floor 
construction,  and  in  the  majority  of  cases  the  span  used  is  less  than 
20  ft.  In  roof  construction  occasionally,  and  in  constructing  theater 
galleries,  girders  of  much  longer  span  are  necessary.  Two.  recent 
examples  of  such  constructions  are  given  here.  The  first  is  taken 
from  the  new  College  of  Music  at  Cincinnati,  Ohio.  The  recital  hall 
of  this  building  is  60  ft.  7  ins.  wide,  and  80  ft.  long,  and  has  in  the 
rear  a  balcony  extending  entirely  across  without  intermediate  support. 
This  balcony  is  carried  by  one  girder  12  ins.  wide,  32  ins.  deep,  and 
60  ft.  7  ins.  span  and  another  48  ins.  deep  and  of  the  same  width  and 
span.  The  details  of  the  12X32  in.  girder  are  shown  by  Fig.  62, 
and  those  of  the  12X48  in.  girder  are  practically  the  same.  The  roof 
of  the  recital  hall  consists  of  a  4-in.  slab  stiffened  by  ribs  15  ft  apart 
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supported  by  four  girders  12X48  ins.  X^  ^t.  7  ins.  long.    These  roof 
girders  are  of  substantially  the  same  construction  as  the  balcony  girder 
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Fig.  62.— Girder  Supporting  Hanging  Gallery,  College  of  Music, 
Cincinnati,  Ohio. 

shown  by  Fig.  62.  The  girder  reinforcement  consists  of  eight  if^-in. 
rods  on  the  tension  side ;  four  of  these  are  straight  and  four  are  bent. 
From  the  straight  rods.  }4-in.  i6-gage  strap-iron  stirrups  extend  up- 
ward through  the  girder.  As  the  balcony  floor  at  the  girder  was  not  of 
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Fig.  63. — Roof  Girder  for  Factory  of  Central   Felt  and  Paper  Company, 
Long  Island  City.  N.  V. 

sufficient  section  to  take  the  compression,  the  girder  was  reinforced  by 
four  i^-in.  compression  rods  anchored  down  by  J^^-in.  annealed  wire 
ties  engaging  with  two  Yi-xw.  anchor-rods  placed  about  mid-height  of 
the  girder.  The  lower  part  of  the  girder  was  made  of  1-2-3  concrete 
and  the  upper  part  of  1-2-4  concrete;  the  largest  aggregate  was  )\  in. 
crushed  gravel.  The  girder  was  designed  for  a  floor  load  of  90  lbs. 
per  square  foot.  Under  test  it  deflected  ^  in.  Under  their  own 
weight  the  roof  girders  deflected  '4  in- ;  the  12X48  in.  balcony  girder 
deflected  Y^  in.,  and  the  12X32  in.  girder  J4  in. 

The  drawings  of  Fig.  63  show  the  details  of  the  roof  girders  over 
the  machine-room  of  the  factory  of  the  Central  Felt  and  Paper  Com- 
pany, at  Long  Island  City,  N.  Y.  These  girders  have  clear  spans  of 
50  ft.  2  ins.  and  are  15X3^  i"^-  i"  cross-section. 
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Columns. 

Current  practice  in  column  construction  exhibits  few  vagaries  in 
methods  of  reinforcement.    A  rectangular  section  with  straight  rein- 
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Fig.   64. — Hennebique   Columns,   Bank   Building,    Basel,   Switzerland. 

forcing-rods  arranged  symmetrically  and  tied  together  at  close  inter- 
vals is  the  normal  construction.  A  few  examples  are  sufficient  to 
illustrate  these  features.  It  is  quite  common  practice  to  use  concrete 
columns  without  reinforcement  in  connection  with  reinforced  floors. 
A  number  of  American  and  English  designers  have  also  used  con- 
crete tor  filling  and  encasing  columns  built  up  of  steel  shapes,  and 
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some  of  these  designs  may  be  classed  as  composite  structures  of  con- 
crete and  steel,  but  others  provide  for  scarcely  more  than  the  fircproof- 
ing  of  the  steel,  which  takes  all  the  load  and  is,  so  far  as  the  sup- 
porting power  is  concerned,  structurally  independent  of  the  casing  or 
^reproofing. 

Bank  Building,  Baiel,  SwitzerUnd.— The  columns  illustrated  in 
Fig.  64  were  employed  in  a  bank  building  at  Basel.  Switzerland,  where 
the  basement  columns  are  square  and  those  of  the  upper  floors  are 
cylindrical  in  cross-section,  and  they  will,  with  a  general  description  of 
the  type,  illustrate  the  ordinaiy  practice  of  the  French  engineer  Hon- 
nebique  in  applying  reinforced  concrete  to  column  construction.  The 
standard  reinforcement  employed  in  columns  of  this  type  consists  of 
four  or  more  longitudinal  bars  of  round  iron  bound  together  at  regular 
intervals  by  straps  or  wires  arranged  in  horizontal  pfanes.  Generally 
four  bars  are  employed  placed  at  the  corners  of  square  or  rectangular 
columns  and  at  the  quarter-points  of  cylindrical  columns,  but  a  fifth 
bar  at  the  center  of  the  column  is  often  added,  and  in  large  columns 
intermediate  peripheral  bars  are  added  in  numbers  depending  upon 
the  size  of  the  column  and  the  load  carried.  The  sizes  of  bars  used 
vary  from  8  mm.  to  50  mm.  (0.32  in.  to  1.97  ins.)  in  diameter.  At  the 
base  of  the  column  the  ends  of  the  bars,  which  are  cut  square,  rest  on  a 
horizontal  sheet-metal  plate  embedded  in  the  concrete.  The  horizontal 
ties  between  the  rein  forcing-bars  are  spaced  about  50  cm.  (19.7  ins.) 
apart  vertically.  There  are  two  forms.  The  most  common  form  con- 
sists of  four  straps  of  iron  punched  at  the  ends  to  slip  over  the  rods 
and  placed  so  as  to  form  a  peripheral  strap  within  the  column.  Owing 
to  the  planes  of  weakness  introduced  by  these  flat-strap  binders,  it  is 
the  practice  to  employ  wire  binders  much  similar  to  those  used  in 
Hennebique  piles  (p.  164)  in  columns  which  have  much  bending  load. 
The  rein  forcing- rods  are  made  continuous  from  one  floor  to  another, 
and  where  splices  are  necessary  the  rods  are  cut  to  square  butt-joints 
and  enclosed  in  a  cylindrical  sleeve.  It  is  common  in  this  construction 
also  to  mold  hollow  columns,  the  interior  space  being  used  for  the 
passage  of  pipes,  wires,  etc. 

Office  Building,  Cincinnati,  Ohio. — Unlike  the  column  described  m 
the  preceding  paragraph,  the  column  shown  by  Fig.  65  is  a  special 
rather  than  a  standard  design.  It  is  an  example  of  the  columns  used 
in  the  16-story  Ingalls  Building  at  Cincinnati,  Ohio.  In  this  building 
there  are  22  columns,  all  but  5  of  which  are  wall  columns,  and  they  arc 
spaced  from  16  ft.  to  33  ft.  apart.  They  decrease  in  size  from  34X3^ 
ins.  at  the  basement  to  12X12  ins.  at  the  roof.  The  footing^  are  built 
independently  of  the  columns,  and  each  has  a  rectangular  pedestal 
somewhat  larger  than  the  column.    Upon  this  is  set  a  cast-iron  base^ 
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plate,  having  circular  projections  on  top  to  form  seats  for  the  vertical 
round  bars  which  act  in  compression  only.  The  tops  of  the  projections 
are  faced  to  a  true  horizontal  plane  so  as  to  form  a  true  bearing  for  the 
faced  ends  of  the  bars.  Each  column  has  four,  six,  or  eight  of  these 
bars  from  2  ins.  to  3J^  ins.  in  diameter,  the  joints  of  which  are  made 


FloQr 


■^pi"Hi.i  »■  4^».  ■'!  -n 


tf/mtr'^.i 


^. 


\kj^  with 


"'1 


>^ 


j1^«  difskr  DrfmV,  ttgt.SL 


Ling 


^ 


^^^:.;^ 


^7irdif 


drechwt 


X 


'iips  JftWVt  JoftTf^ 


BmxrinqBars. 
Sffiooth  ttntf 
Bound,  whh 
Faced  Ends\ 


afi'TwisNdSmi 

;^5^n  Twisttd 
Sfttl  Wind  BfitSt 
''  from  FtKf 
of  Column 


"^WraiSplkf 
Cross     Section. 
Fig.  65. — Column  for  16-story  Ingalls  Building,  Cincinnati,  Ohio. 


by  faced  ends  in  contact  In  the  lower  part  of  the  building  these  bars 
extend  through  one  story  only,  but  above  the  third  fl^x)r  they  extend 
the  height  of  two  stories.  At  each  stage  of  the  work  a  sleeve  is  put 
around  the  top  of  the  bcr  to  form  a  socket  for  the  next  bar.  These 
sleeves  are  filled  with  cement  grout  as  the  connection  is  made.  The 
circular  bars  are  intended  to  take  compression  only.  To  take  the 
tension  due  to  wind  load  each  column  has  from  four  to  ten  smaller 
bars  of  twisted  steel.  The  compression-bars  are  tied  tojfeth^rr  diago- 
nally through  the  column  and  the  ten«iion  bars  are  encirclfrrl  every  12 
ins.  by  hoop-bars  of  twisted  steel.  The  column  loads  on  the  shoes 
range  from  500  to  750  tons. 
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Fig.  66. — Column  for  Factory  of 
Central  Felt  and  Paper  Com- 
pany, Long  Island  City,  N.  Y. 
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Fig.  67.— Wall  Pier  for  Power 
House,  at  Louisville,  Ky. 
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Factory  Biiildiii&  New  York,  N.  Y. — Fig.  66  shows  a  cross-section 
of  one  of  the  columns  used  in  constructing  the  one-story  factory  build- 
ing of  the  Central  Felt  and  Paper  Company,  at  Long  Island  City.  The 
columns  were  from  14  ins.  to  20  ins.  square  and  were  made  of  1-2-4 
broken  stone  concrete  reinforced  by  four  vertical  rods  tied  together  at 
intervals.  The  vertical  rods  were  from  %  in.  to  Ij4  ins.  in  diameter, 
depending  on  the  size  of  the  column,  and  were  circular  in  cross-section. 
The  tie-rods  were  round  and  -^  in.  in  diameter.  The  wall-column 
construction  for  this  same  building  is  shown  by  Fig.  jz. 

Power  House,  Louisville,  Ky. — A  transverse  section  of  one  of  twelve 
concrete-steel  columns  built  at  Louisville,  Ky.,  in  1903,  to  strengthen 
the  walls  of  a  brick  power  house,  is  shown  by  Fig.  67.  A  vertical 
section  of  the  same  column  drawn  to  smaller  scale,  but  showing  the 
floor  girder  and  truss  connections  and  the  crane-track  brackets,  is 
shown  by  Fig.  68.  The  main  reinforcing  members  of  these  columns 
consist  of  eight  flat  iron  bars  2  ins.  wide  and  J^  in.  thick.  These 
bars  were  made  up  of  15-ft.  lengths  spliced  by  two  J^-i".  bolts  and 
distanced  by  side-bars  and  cross-bolts  at  the  joints.  Between  splices 
the  bars  were  tied  together  by  wires,  as  shown  by  the  drawings.  The 
concrete  was  composed  of  1  part  Portland  cement,  3.8  parts  sand, 
and  5.7  parts  broken  stone. 

Factory  Building,  Greensbturg,  Pa. — In  constructing  the  brass  factory 
of  Kelly  &  Jones  at  Greensburg,  Pa.,  which  is  illustrated  by  Fig.  43, 
use  was  made  for  the  first  time  in  America  of  a  hooped  column  such 
as  is  recommended  by  Mr.  Considere.  As  shown  by  the  drawings, 
each  column  is  reinforced  by  eight  vertical  bars  spaced  equidistant  in  a 
circle  and  nowhere  less  than  J/^  in.  from  the  surface,  and  these  bars  are 
enclosed  in  a  helix  of  4-in.  pitch  extending  from  end  to  end  of  the 
column.  The  bars  and  helix  are  both  j4-in.  square  twisted  rods  and 
are  wired  together  at  intersections.  In  the  same  building  the  wall 
columns  or  piers  were  made  rectangular  in  section  and  hollow  with 
S'in.  shells.  They  were  reinforced  by  a  j4-in-  rod  at  each  corner  and 
by  circumferential  bars  ]/iY}A  i"-  spaced  12  ins.  apart  vertically. 


Walls  and  Partitions. 

In  actual  practice  wall  and  partition  construction  of  reinforced 
concrete  has  taken  a  variety  of  forms.  Some  of  the  more  notable  of 
these  forms  are  as  follows :  (i)  Monolithic  walls  without  a  supporting 
metal  framework;  these  walls  may  be  either  solid  or  hollow  and  when 
used  for  exteriors  are  often  veneered  with  brick,  stone,  or  terra  cotta ; 
(2)  Walls  consisting  of  a  plastered  metal  network  carried  by  a  frame- 
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work  of  steel;  these  walls  may  be  either  solid  or  hollow;  (3)  Walls 
composed  of  rectangular  slabs  of  reinforced  concrete  laid  up  like 
masonry  and  commonly  supported  by  a  steel  framework;  (4)  Walls 
consisting  of  reinforced  concrete  columns  and  lintels  which  are  filled 
bety\een  with  brickwork  or  terra  cotta.     The  form  of  construction 
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Fig.  69. — Monolithic  Wall,  Hennebique  Construction. 


mentioned  third  is  commonly  limited  to  partition  or  interior  wall 
construction,  and  the  form  mentioned  last  is  exclusively  an  exterior 
wall  construction.  The  other  forms  are  employed  for  exterior  or 
interior  walls  indifferently.  The  following  examples  indicate  clearly 
the  form  and  nature  of  the  several  constructions  defined: 

Monolithic  Wall8.--The  drawings  of  Fig.  69  show  the  solid-plate 
monolithic  wall  construction  extensively  used  by  the  French  engineer 
Hennebique  for  both  interior  and  exterior  walls.  This  particular 
construction  was  employed  for  an  interior  wall  of  a  bank  building  at 
Basel,  Switzerland,  and  shows  a  door-opening.  The  reinforcement 
consists  of  a  row  of  vertical  rods  in  each  face  and  a  row  of  horizontal 
rods  at  the  center  of  the  slab.  The  vertical  rods  are  tied  into  the  slab 
transversely  by  stirrups.  This  partition  was  designed  to  resist  a  lateral 
thrust  of  250  kgs.  per  square  meter  (51  lbs.  per  sq,  ft.).  For  exterior 
walls  practically  the  same  plate  construction  is  employed,  the  plates 
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filling  in  the  spaces  between  columns,  and  being  in  one  piece  with 
them. 

The  wall  construction  shown  in  Figs.  70  and  71  is  of  particular 
interest;  it  was  designed  for  the  16-story  Ingalls  Building  at  Cincin- 
nati, 0.,  and  is  veneered  on  the  outside  with  marble  to  a  height  of 
three  stories  and  with  brick  and  terra-cotta  above  the  fourth  floor. 
Exclusive  of  the  facing  the  walls  are  8  ins.  thick ;  the  party  walls  were 
not  faced  and  are  only  3  ins.  to  4  ins.  thick.  All  the  walls  are  rein- 
forced by  vertical  and  horizontal  bars  of  twisted  steel.  The  typical 
arrangement  of  the  bars  in  the  street  walls  is  shown  by  Fig.  70.    The 


FiC.  70. — Elevation  and  Section  of  Wall  of  Ingalls  Building, 
Cincinnati,  Ohio. 


vertical  bars  marked  A  are  j4-in.  bars  27  ft.  long  extending  through 
two  floors  and  having  their  ends  lapped  at  the  floor  line.  They  are 
placed  2  ins.  from  the  edges  of  the  window-openings.  The  vertical 
bars  marked  B  are  the  column  wind-bars;  joints  are  made  at  the 
middle  of  window-openings  in  each  story,  the  ends  being  butted 
together.  Over  each  joint  is  lapped  a  short  piece  of  J/2-in.  bar  or  four 
%-'\n.  bars  of  twisted  steel.  The  horizontal  bars  marked  C  are  pairs 
of  j4-in.  bars  placed  side  by  side  near  the  outside  and  inside  faces  of 
the  wall  and  i  J^  ins.  above  or  below  the  edges  of  the  window-openings. 
These  bars  are  in  lengths  of  27  ft.,  and  the  ends  of  adjoining  bars  are  ' 
lapped  at  least  21  ins.  When  the  joints  occur  over  the  window-open- 
ings, between  the  columns,  the  lapped  ends  are  wrapped  with  wire 
or  secured  together  with  hog-rings.  Fig.  71  shows  the  method  of 
supporting  the  facing  on  the  concrete  wall.  The  brick  facing  is  sup- 
ported at  every  floor  by  a  ledge  formed  in  the  concrete,  and  is  also 
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Fig.   71.— Part  Vertical   Section  of  Ingalls  Building  Showing  Veneering. 
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secured  by  wire  anchors  projecting  from  the  concrete.  The  marble 
veneer  and  terra-cotta  facing  have  grooves  on  the  back,  the  top  and 
bottom  surfaces  of  which  have  an  upward  inclination.    These  grooves 
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Fig.  72. — Details  of  Walls  for  Factory  of  Central  Felt  and  Paper  Com- 
pany, Long  Island  City,  N.  Y. 

engage  with  ribs  of  similar  section  on  the  face  of  the  wall  and  form  a 
species  of  dovetail  joint. 

The  drawings  of  Fig.  72  show  the  monolithic  wall  construction 
of  the  factory  of  the  Central  Felt  and  Paper  Company  at  Long  Island 
City,  N.  Y.  The  walls  of  this  building  are  6  ins.  thick  between  wall 
columns,  and  they  carry  no  load  except  their  own  weight  and  the  adja- 
cent edges  of  the  floor  and  roof-slabs.  At  the  floor  and  roof  levels  and 
also  at  the  bottom  each  wall  bay  is  reinforced  as  a  girder,  as  is  clearly 
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shown  by  Fig.  72.  The  wall -plate  reinforcement  consists  of  vertical 
sheets  of  lock-woven  steel  fabric  placed  near  the  inner  face.  At  win- 
dow-openings this  fabric  is  folded  back  so  as  to  form  a  U-shaped  net 
at  the  side  of  each  opening.  Sheets  of  the  same  material  bent  to 
U  shape  are  also  embedded  in  the  wall  concrete  under  the  window-silL 
The  concrete  for  the  walls  was  a  wet  mixture  of  i  part  cement,  2  parts 
sand,  and  5  parts  fine  cinders. 

Plastered  Mesh  and  Steel-frame  Walla. — The  most  notable  fonns 
of  plastered  mesh  and  steel-frame  walls  are  the  Monier  and  the  ex- 
panded-metal  constructions.  The  Monier  construction  has  been  very 
extensively  employed  in  Europe,  but  only  to  a  limited  extent  in  the 
United  States,  while  expanded-metal  construction  is  particularly  an 
American  development,  although  it  has  gained  considerable  popularity 
in  Europe. 

Monier  Construction. — Considering  first  the  solid  form  of  Monier 
wall,  the  Monier  netting  is  stretched  vertically  between  the  points  of 
support  with  the  carrying-rods  horizontal  and  the  distributing-rods 
vertical.  When  openings  for  doors  or  windows  pierce  the  metal  net- 
work they  are  bound  on  all  sides  with  timber  or  channel-iron  casing? 
to  which  the  rods  of  the  mesh  are  firmly  attached.  These  rods  arc 
similarly  connected  to  the  supporting  frame  of  the  wall,  which  may 
be  the  main  framing  members  of  the  building  or  an  independent  struc- 
ture. Upon  completion  of  the  network  it  is  plastered  on  both  sides 
with  cement  or  lime  mortar,  forming  a  plate  5  cm.  (1.97  ins.)  thick. 
A  modification  of  the  construction  described  is  sometimes  employed 
where  it  is  desired  to  carry  the  weight  of  the  wall-plate  entirely  on  the 
vertical  supports.  This  modification  consists  in  arching  the  rods 
extending  horizontally  and  inserting  at  intervals  an  extra-heavy  carr)'- 
ing-rod.  These  curved  rods  act  as  arch  ribs  abutting  against  the  ver- 
tical supports  and  carry  the  weight  of  the  wall-plate  free  from  the 
sill  of  the  wall.  For  ordinary  walls  a  single  network  placed  at  the 
center  of  the  slab  is  the  normal  Monier  construction.  In  places  where 
a  thicker  wall  is  necessary  two  parallel  sheets  of  netting  are  stretched 
and  embedded  in  mortar,  thus  making  a  thick  slab  with  a  reinforce- 
ment near  each  face.  Hollow  walls  of  Monier  construction  are  formed 
by  two  parallel  plates  with  a  space  between  them.  The  chief  use  of 
Monier  construction  is  for  interior  walls  and  partitions. 

Expanded-metal  Construction. — Expanded  metal  and  plaster  wal' 
construction  has  been  developed  in  a  number  of  forms  for  both  exteri- 
or walls  and  partitions.  The  ordinary  form  of  interior  wall  construc- 
tion consists  of  channel-iron  studding  set  crosswise  of  the  partition  and 
connected  at  top  and  bottom  with  the  floor-beams,  which  is  covered 
with  expanded-metal  lath  on  both  sides  and  plastered.     Door-  and 
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window-openings  are  cased  on  all  sides  with  channels.  This  construc- 
tion forms  a  hollow  wall.  For  light  solid  partitions  the  practice  is 
sometimes  adopted  of  laying  wood  sills  and  ceiling-plates  and  stretch- 
ing round  bars  vertically  between  them  and  about  a  foot  apart.  These 
bars  are  connected  to  the  sill  and  ceiling-plate  by  means  of  hooks  and 
screw-eyes.  Between  the  bars  sheets  of  expanded  metal  are  laced 
alternately  behind  and  in  front.  This  mesh  is  plastered  on  both  sides 
with  cement  or  lime  mortar.  Door-  and  window-openings  are  cased 
with  wood.  This  second  construction  is  also  used  with  metal  frame- 
work, in  which  case  the  carrying-rods  are  connected  at  top  and 
bottom  to  the  floor-beams  by  means  of  hooks  and  clips. 

Any  of  the  interior  wall  constructions  just  described  may  be  used 
for  exterior  walls,  but  ordinarily  a  special  exterior  wall  framing  is 
designed.  This  commonly  consists  of  I-beam  wall  columns  spaced 
about  15  ft.  apart  and  connected  at  top  and  bottom  and  at  the  top 
and  bottom  window  lines  by  horizontal  angles  and  Z  bars.  Between 
the  horizontal  members  are  set  vertical  channels  to  which  the  ex- 
panded metal  is  attached.  This  sheeting  is  plastered  on  the  outside 
with  cement  mortar  and  on  the  inside  with  lime  plaster.  To  protect 
the  columns  from  fire  they  are  boxed  around  with  expanded  metal  and 
plaster. 

Walla  of  Cast  Slabs. — Wall  construction  of  especially  cast  slabs  of 
reinforced  concrete  has  been  adopted  in  only  a  comparatively  few 


Fig.  73. — Cast  Lintel  with  Kahn  Bar  Reinforcement. 


buildings  in  Europe  and  is  unknown  in  American  practice.  The  con- 
cerns controlling  Monier  construction  in  Europe  have  employed  two 
forms  of  cast-slab  wall  construction.  In  one  form  a  framework  com- 
posed of  horizontal  and  vertical  members  forming  meshes  about  iX^/^ 
m.  (3.28X4-92  ^t-)  >s  erected  and  the  meshes  are  filled  with  cast 
Monier  plates  set  like  glass  in  a  window-sash.  These  plates  are  cast  so 
that  the  rods  of  the  reinforcement  protrude  on  the  two  horizontal 
^dges  and  furnish  a  means  of  attaching  the  plates  to  the  framework. 
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The  plates  are  made  from  3  to  4  cm.  (1.18  to  1.6  ins.)  thick.  In  the 
second  form  of  Monier  wall  construction  with  cast  pieces  the  blocks 
used  resemble  burnt-clay  hollow  wall  tile  in  form,  and  they  are  laid  up 
in  the  wall  with  mortar  joints,  exactly  as  are  building  tile. 

Reinforced  Concrete  Frame  and  Brick  Filling. — A  wall  construction 
consisting  of  a  concrete-steel  framework  composed  of  the  wall- 
columns,  window-sills  and  lintels,  cornice,  water-table,  etc.,  with  the 
panels  filled  with  brickwork,  has  been  used  occasionally  by  the  French 
engineer  Hennebique.  In  this  construction  the  concrete-steel  members 
are  separately  cast  pieces  laid  up  as  similar  members  of  cut  stone 
would  be  laid.  Walls  of  this  construction  afford  opportunities  for 
architectural  treatment  nearly  equal  to  those  furnished  by  veneered 
walls.  The  use  of  reinforced  concrete  lintels  for  carrying  brick  walls 
over  window-  and  door-openings  is  illustrated  by  Fig.  73.  The  form 
of  reinforcement  here  used  is  the  Kahn  bar  described  on  p.  368. 

Roofs. 

Two  forms  of  roof  construction  in  concrete-steel  are  employed.  In 
the  first  form  reinforced  concrete  plates  are  attached  as  a  covering 
to  the  ordinary  roof-framing  of  steel  or  timber.    In  the  second  fomi 
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Fig.  74. — Roofing  Slabs  for  Stable  for  Anglo-Swiss  Condensed  Milk  Cc 


Brookly 


or  Anglo- 
n,  N.  Y. 


both  frame  and  covering  are  of  concrete-steel  and  are  monolithic  in 
construction. 

Reinforced  Plate  and  Steel-frame  Construction. — Any  of  the  fiat-plate 
constructions  employed  for  floors  may  be  employed  equally  well  for 
covering  roofs  having  steel  or  wood  framework,  and  Monier,  ex- 
panded-metal,  Columbian,  and  other  floor-plates  have  been  frequently 
so  employed,  they  being  sometimes  molded  in  place  on  centers  and 
sometimes  cast  separately  in  sheets  or  slabs  which  are  attached  to  the 
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roof- framing  and  joined  to  each  other  by  mortar  joints.  The  con- 
struction of  these  floor-plates  has  been  described  in  a  preceding  sec- 
tion; the  following  are  examples  of  plates  designed  specifically  for 
roofing:  In  building  the  two-story  200X88 J^-ft.  stable  ^or  the  Anglo- 
Swiss  Condensed  Milk  Company  of  Brooklyn,  N.  Y.,  the  roof  was 
divided  into  three  spans  each  28  f t.  1 1  ins.,  the  trusses  of  which  carry 
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Fia  75. — Roofing  Slabs  for  Government  Printing  Office,  Washington,  D.  C. 


I-beam  purlins.  The  concrete-steel  roofing  rests  directly  on  these 
purlins  and  consists  of  slabs  4  ft.  wide  and  long  enough  to  reach  from 
eaves  to  ridge,  laid  side  by  side,  with  scarfed  joints,  and  plastered  over 
with  a  j4-i"-  mortar  coat.  The  construction  of  the  slabs  is  shown  by 
Fig.  74.  The  main  reinforcing-frame  of  each  slab  consists  of  a  grid- 
iron of  j4-in.  rods  spaced  35^  ins.  apart  by  three  transverse  spacing- 
plates  containing  staggered  holes  for  the  rods.  Over  and  under  these 
staggered  bars  No.  14  gage  wires  spaced  6  ins.  apart  are  woven,  and 
stretched  over  the  bottom  rods  is  a  fine  wire  netting.    This  skeleton  is 


Fig.  76.--Roofing  Slabs  of  Plastered  Corrugated  Steel  Plate. 

filled  flush  with  the  edges  of  the  spacing-plates  with  a  1-2-4  concrete 
made  with  very  fine  broken  stone,  to  make  a  2-in.  plate.  The  edges 
of  the  slab  are  scarfed  and  overlap  when  laid,  the  joint  being  made 
with  cement  mortar.  Voids  are  also  left  in  the  edges  to  permit  thin 
flat  steel  bars  or  angle-clips  to  be  bolted  to  the  reinforcing-frame  and 
locked  around  the  roof-framing.  Fig.  75  shows  the  concrete-steel- 
slab  roof  construction  employed  in  the  Government  Printing  Office  at 
Washington,  D.  C.  Slabs  12  ft.  wide  and  reaching  from  eaves  to 
ridge  were  molded  in  place.  These  slabs  were  5  ins.  thick  and  were 
haunched  around  the  purlins;  they  were  reinforced  by  a  network  of 
transverse  and  longitudinal  twisted  square  bars.  The  joint  at  the 
ridge  was  filled  with  asphalt  i  in.  wide  and  3  ins.  deep,  and  the  joints 
between  slabs  were  filled  with  ^-in.  pine  strips  bedded  edgewise  in 
the   concrete.     Another  form  of  slab  roofing  is  shown  by  Fig.  76. 
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This  is  made  of  corrugated  steel  sheets  which  are  laid  on  the  roof- 
framing  and  then  plastered  on  both  sides  with  cement  mortar.  The 
corrugated  sheets  are  made  loX^o  ft.X/^  >"•  deep.  This  roofing  ij4 
ins.  thick  weighs  about  15  lbs.  per  square  foot  and  costs  complete  about 
$21  per  100  square  feet. 

Monolithic  Conitmction. — In  monolithic  roof  construction  both  the 
roof-framing  and  the  roof-plate  are  of  reinforced  concrete.    This 


Fig.  ^t. — Monolithic  Roof  for  a  New  York  City  Residence. 

construction  has  been  applied  to  all  forms  of  roofs  from  simple  peaked 
roofs  to  arched  roofs  and  domes  of  elaborate  composition.  European 
practice  in  particular  exhibits  roof  construction  of  a  very  bold  char- 
acter in  concrete  steel. 

Flat  and  Pitched  Roofs. — Flat  and  pitched  roofs  of  monolithic  con- 
struction consist  usually  of  ribbed  plates  and  closely  resemble  plain 
ribbed  plate  floor  construction.  An  example  of  both  forms  is  given  by 
Fig.  yy.  This  roof  was  built  for  a  New  York  City  residence  and  con- 
sists of  a  mansard  face  on  the  street  front  and  a  flat  roof  extending 
backward  from  the  mansard  to  the  rear  eaves.  The  flat  roof  consists 
of  girders  spanning  the  building  tranversely  and  carrying  a  roof-plate 
and  a  suspended  ceiling.  The  mansard  roof  takes  support  on  the  front 
wall  and  on  the  flat  roof  and  is  braced  by  plate  buttresses  resting  on 
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the  top  or  attic  floor.    The  form  of  reinforcement  used  is  the  Henne- 
bique.    The  roof  covering  used  on  this  roof  was  asphalt  bricks  welded 


Fig.  78. — Pitched  Roof  with  Vaulted  Ceiling,  Courthouse,  Mineola,  L.  I. 

together.  The  flat  roof  construction  here  shown  is  exactly  like  the 
construction  of  the  floor  shown  in  the  same  drawing,  and  this  is  the 
Hernial  flat-roof  construction.  The  drawings  of  Figs.  42  and  63  also 
show  the  flat-roof  constructions.  The  roof  shown  by  Fig.  78  is  a  nota- 
ble example  of  pitched-roof  construction  because  of  its  vaulted  ceil- 
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Fig.  79. — Entails  of  Habrich  Construction  for  Domed  and  Arched  Roofs. 

ing.  It  covers  the  court-room  of  the  Nassau  County  Courthouse  at 
Mineola,  Long  Island.  The  roof-plate  is  2  ins.  thick  and  is  stiffened 
by  arched  ribs  spaced  3  ft.  apart.  These  ribs  have  a  thickness  of  5  ins. 
and  a  span  of  49  ft.  The  ceiling-plate,  like  the  roof-plate,  is  2  ins. 
thick  and  is  connected  to  the  arch  ribs  monolithically.  The  other 
•details  of  the  construction  are  shown  by  the  drawings.     In  Europe 
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practically  all  prevailing  timber-roof  forms  are  reproduced  in  con- 
crete-steel by  Hennebique,  Bonna,  Cottan<;in,  and  other  prominent  sys- 
tems of  construction,  and  examples  of  gable,  mansard,  and  weaving- 
shed  roofs  are  numerous. 

Domes  and  Arched  Roofs, — Both  European  and  American  practice 
furnish  examples  of  domes  and  arched  roofs  constructed  in  reinforced 
concrete.  Fig.  79  shows  a  European  construction  which  has  been 
applied  to  both  domes  and  arches.    As  will  be  seen,  the  arched  plate  is 
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Fig.  80.— Domed  Roof  Constniction  for  Courthouse  at  Mineola,  L  I. 

seated  on  a  channel  the  opposite  sides  of  which  are  connected  across 
the  span  by  tie-bars.  The  reinforcement  consists  of  twisted  straps 
arranged  radially  in  domes  and  parallel  in  arched  roofs.  Domes  of 
22  m.  (72.2  ft.)  span  of  this  construction  have  been  built  At  Basel, 
Switzerland,  a  railway  shed  200  m.  (656.2  ft.)  long  has  an  arched  roof 
of  20  m.  (65.6  ft.)  span  and  4  m.  (13.12  ft.)  rise  of  this  construction. 
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TTie  twisted  rein  forcing-bars  are  spaced  Seven  per  meter,  or  about  5?^ 
ins.  apart.  The  roof  was  calculated  for  a  snow  load  of  75  kgs.  per 
square  meter  (15.4  lbs.  per  sq.  ft.)  and  for  a  wind  load  of  40  kgs.  per 
square  meter  (8.2  lbs.  per  sq.  ft.)  ;  the  dead  load  is  225  kgs.  per  square 
meter  (46  lbs.  per  sq.  ft).  Almost  the  same  construction  as  that  ju.st 
described  is  employed  for  domes  and  arched  roofs,  using  Monier  net- 
ting instead  of  twisted  straps  as  reinforcement.  Another  form  of  dome 
construction  consists  of  concentric  spherical  shells  of  Monier  plates 
connected  by  vertical  plates  set  radially.  The  lower  p^rt  of  the  an- 
nular space  between  shells  is  filled  with  meagre  concrete  to  stiffen  the 
construction.  A  dome  of  this  construction,  with  an  outside  diameter 
of  8.8  m.  (28.9  ft.),  covers  the  mausoleum  of  Frederick  III.  at 
Potsdam. 

A  notable  example  of  dome  construction  is  illustrated  by  the  draw- 
ings of  Fig.  80.  This  structure  forms  part  of  the  Nassau  County 
Courthouse  at  Mineola,  L.  I.,  and  was  built  in  1901.  It  consists 
of  an  outer  or  roof  dome  and  an  inner  or  ceiling  dome,  the  two  being 
carried  on  a  pair  of  concentric  rings  each  supported  by  twelve  columns. 
The  ceiling  dome  is  a  segment  of  a  sphere  with  an  ii-ft.  circular  sky- 
light at  the  crown.  Its  shell  is  2  ins.  thick  and  is  stiffened  by  radial 
and  circular  ribs  on  the  under  side.  The  reinforcement  consists  of 
radial  and  circular  J^4-in.  twisted  rods  in  the  shell  and  of  four  j4-in. 
bars  in  each  rib.  This  dome  is  supported  on  a  4-in.  cylindrical  wall 
or  drum  4J4  ft.  high  which  has  a  ioXi2-in.  bottom  ring  or  girder  rein- 
forced by  two  yi-in.  rods.  Outside  of  this  drum  and  concentric  with 
it  is  another  ioj4  ins.  thick  and  9  ft.  high.  A  flat  annular  roof  33^  ins. 
thick  and  reinforced  with  j4-in-  bars  18  ins.  apart  extends  about  3  ft. 
inward  from  the  top  of  this  drum  and  is  stiffened  by  ioX22-in.  girder 
ribs  on  the  under  side.  Each  of  these  ribs  has  four  i-in.  reii>forcing- 
bars.  These  ribs  carry  most  of  the  weight  of  the  roof-dome  drum 
7  ins.  thick  and  6  ft.  high.  The  oblique  ribs  under  the  circular  annular 
roof  are  tangent  at  eight  points  to  the  drum  wall  on  center  lines  and 
carry  part  of  its  weight  directly  to  the  inner  row  of  columns  and  to 
the  large  circular  girder,  while  the  remainder  of  its  weight  is  sup- 
ported by  the  cantilever  action  of  the  circular  roof.  The  roof  dome 
has  a  solid  shell  3  ins.  thick  without  ribs  and  is  reinforced  by  }4 -in- 
radial  and  circular  rods.  The  horizontal  or  circular  rods  are  12  ins. 
apart  and  the  radial  rods  are  12  ins.  apart  at  the  bottom  of  the  drum. 
The  radial  rods  are  set  J4  in.  from  the  outside  surface  for  the  first  7  ft. 
in  height  of  the  dome  and  then  cross  over  to  the  same  distance  from 
the  inner  surface,  which  they  follow  to  the  apex.  All  rods  lap  18  ins. 
at  joints  and  are  well  wired  together.  The  concrete  of  the  dome  was 
composed  of  Portland  cement  and  unscreened  -J^-in.  broken  stone. 
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Staiks. 

Two  general  forms  of  stair  construction  are  practiced  with  con- 
crete-steel. In  one  the  stairs  are  monolithic  plates  of  concrete  with 
notched  tops  to  form  the  treads  and  risers  and  having  the  under  skk 


Fig.  8i. — Stairs  with  Metal  Strings  Carrying  Reinforced  Plates. 

sometimes  smooth  and  sometimes  stiflfened  by  ribs  or  string-pieces: 
in  the  other  only  the  treads  and  risers  are  reinforced  concrete  and 
they  are  carried  on  metal  framing.  In  the  second  form  of  construc- 
tion the  only  change  from  ordinary  metal  construction  is  the  substi- 
tution of  reinforced  concrete  for  the  familiar  stone  and  cast-iron  treads 
and  risers.    The  following  examples  illustrate  some  of  the  more  simple 
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Fig.  82. — Stair  Construction  with   Monier   Plates. 

staircases  which  have  been  built  of  reinforced  concrete.  Much  more 
complicated  forms  have  been  constructed  to  meet  unusual  conditions 
or  to  illustrate  the  pliability  of  concrete-steel  in  adapting  itself  to  bold 
and  unusual  structural  forms. 

Two  examples  of  stair  construction  with  Monier  plates  are  shown 
by  Figs.  81  and  82.  In  the  first  example  the  reinforced  plate  is 
carried  on  two  channel-iron  string-pieces  supported  at  top  and  bottom 
on  I  beams.  On  top  of  this  plate  the  steps  are  molded  in  plain  con- 
crett  and  covered  with  treads  of  wood,  stone,  or  any  other  suitable 
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Fig.  83. — Reinforced  Concrete  Stairs  for  New  York  City  Residence. 


Fig.  84. — Main  Floor  Stairs  for  Ingalls  Building.  Cincinnati.  Ohio. 
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material.  The  landing  is  formed  by  an  arched  Monier  plate.  In 
the  second  example  shown  there  are  ho  metal  string-pieces,  the  Monier 
plate  being  arched  instead  of  carried  at  top  and  bottom  on  beams. 
The  steps  are  molded  in  plain  concrete  as  in  the  first  example.  Several 
modifications  of  these  two  constructions  are  also  employed.  One 
of  the  most  obvious  of  these  is  to  carry  one  edge  of  the  Monier  plate 
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Fig.  85. — Stairs  for  Upper  Floors  of  Ingalls  Building,  Cincinnati,  Ohio. 

on  the  building  wall,  using  only  an  outside  string-piece;  another  is 
to  encase  the  plate  in  the  wall  so  that  it  forms  a  bracket.  The  draw- 
ings of  Fig.  83  illustrate  a  section  of  the  main  stairs  built  for  a  New 
York  City  residence.  These  stairs  are  in  half-flights,  with  interme- 
diate landings,  and  are  seated  at  top  and  bottom  on  extra-heavy  gir- 
ders. They  consist  simply  of  a  reinforced  slab  plain  on  the  under 
side  and  notched  on  the  upper  side.  Figs.  84  and  85  show  the  stair 
construction  of  the  16-story  Ingalls  Building  at  Cincinnati,  O.  The 
main  stairs  is  shown  by  Fig.  84  and  Fig.  85  shows  the  stairs  for  all 
floors  above  the  third.     As  will  be  seen,  these  stairs  are  monolithic 
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slabs  of  concrete-steel  with  their  tops  offset  or  notched  to  form  the 
treads  and  risers,  and  their  bottoms  sloped  and  curved  to  form  a 
smooth  and  regular  ceiling.  The  details  of  the  reinforcement  are 
given  fully  in  the  drawings.  An  example  of  spiral  stair  construction 
is  shown  by  Fig.  86.  This  stairway  ascends  the  shaft  of  a  lighthouse 
tower  constructed  at  Nikolaief,  Russia.  This  stairway  is  about  108  ft. 
high  and,  as  is  shown  by  the  drawings,  is  corbelled  out  from  the  tower 
walls.    The  reinforcement  is  entirely  of  round  bars. 

Corbels. 

Reinforced  concrete  has  been  frequently  and  successfully  used  in 
constructing  corbels,  brackets,  and  cantilever  beams,  and  several 
examples  of  such  constructions  have  been  noted  in  the  preceding 
pages.  The  drawings  of  Fig.  87  show  the  cantilever  construction 
by  which  the  second  floor  of  a  mill  building  at  Nantes,  France,  is  cor- 
belled out  over  the  street.  The  brackets  are  spaced  4.27  m.  (14  ft.) 
apart  and  are  connected  at  their  outer  ends  by  a  fascia  girder  1.7  m. 
(5.58  ft.)  deep.  The  brackets  and  girder  carry  the  floor.  The  sys- 
tem of  reinforcement  employed  was  the  Hennebique.  Another  example 
of  cantilever  construction  designed  by  the  same  engineer  is  shown  by 
Fig.  88.  In  double-tracking  the  Chemin  de  Fer  Ceinture  of  Paris 
it  was  necessary  to  construct  new  retain ing-walls  set  back  from  the 
original  walls  bordering  the  cut,  and  this  narrowed  the  bordering 
roadways  so  that  the  sidewalks  had  to  be  carried  on  a  cantilever  plat- 
form over  the  edges  of  the  cut.  The  drawings  show  the  construction 
of  this  cantilever  sidewalk,  of  which  there  were  some  1,200  m.  (3,936 
ft.).  The  brackets  were  spaced  2.925  m.  (9.59  ft.)  and  were  all  0.5  ni. 
(1.64  ft.)  thick;  their  height  is  shown  by  Fig.  88  and  their  span 
varies,  the  maximum  span  being  3  m.  (9.84  ft.).  The  reinforcement 
of  the  brackets  and  the  manner  of  connecting  them  to  the  masonry 
retaining-walls  are  clearly  shown  by  the  drawings.  The  platform 
carried  by  the  brackets  consists  of  a  wide  shallow  beam  at  the  outer 
edge  and  of  a  narrow  deep  beam  close  to  the  wall ;  these  beams  carry 
the  floor-slab  proper,  which  is  paved  with  asphalt  and  has  a  stone 
parapet.  The  drawings  of  Fig.  89  show  the  wall-bracket  construction 
employed  in  the  factory  of  the  Central  Felt  and  Paper  Company  at 
Long  Island  City,  N.  Y. 

Shaft-hangers. 

In  mill-building  construction  it  is  necessary  to  provide  the  concrete 
beams  and  girders  with  some  means  by  which  the  line  shafting  for 
operating  the  machinery  may  be  attached  to  the  ceiling  structure. 
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Fig.  86. — Spiral  Stairway  for  Lighthouse  Tower  at  Nikolaief,  Russia. 


•Fig.  87. — Cantilever  Beam  Carrying  Corbelled  Second  Story  of  Mill 
Building  at   Nantes,   France. 


Fig.  88.— Cantilever  Sidewalk  Over  Open  Cut  at  Paris,  France 


BUILDING  CONSTRUCTION. 


231 


A  variety  of  solutions  for  this  problem  have  been  presented  by  en- 
gineers. The  one  most  commonly  adopted  has  been  to  suspend  from 
the  ceiling  girders  by  means  of  anchor- bolts  a  system  of  timbers  to 


Fig.  89. — Wall  Column  Bracket  for 
Factory  Building  at  New  York 
City. 
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Fig.  91. — Slot  Construction  of 
Concrete  Beams  for  Attach- 
ing Shaft  Hangers. 
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Fig.  90. — Socket  Construction  for 
Attaching  Shaft  Hangers  to 
Concrete  Beams. 


expansion  Joint. 
Fig.  92. — Detail    of    Expansion-joint 
for      Concrete-steel      Roundhouse 
Roof. 


which  the  shaft-hangers  could  be  attached  by  means  of  bolts  or  lag7 
screws  in  the  usual  manner.  In  this  construction  the  anchor-bolts 
are  built  into  the  beam  as  it  is  molded,  with  their  ends  projecting  below 
its  soffit  to  receive  the  future  timber.  A  preferable  construction  is  to 
embed  in  the  beam  at  intervals  threaded  sockets  to  which  the  timbers 
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may  be  connected  by  suitable  bolts.  An  example  of  such  a  socket 
construction  is  shown  by  Fig.  90.  It  consists  of  an  inverted  stirrup 
forged  with  a  threaded  socket  and  embedded  at.  frequent  intervals  in 
the  beam,  as  is  indicated  by  the  sketch.  Wrought  pieces  of  gas-pipe 
threaded  inside  at  one  end  have  been  used  in  a  similar  manner.  One 
of  the  most  recent  designs  for  attaching  shafting  to  concrete  beams  is 
shown  by  the  drawings  of  Fig.  91.  As  will  be  seen,  the  construction 
is  very  flexible ;  the  hanger  can  be  attached  at  any  desired  point  along 
the  beam,  and  can  be  shifted  at  will  to  another  point  or  to  another 
beam  should  the  location  of  the  machinery  be  altered.  This  shaft- 
hanger  attachment  has  been  patented  by  Mr.  H.  P.  Jones  of 
Yonkers,  N.  Y. 

Expansion-joints. 

There  is  no  well-established  practice  in  either  locating  or  con- 
structing expansion- joints  for  rein  forced-concrete  building  work,  and 
the  following  examples  illustrate,  therefore,  individual  ideas  and  pref- 
erences only. 

In  constructing  the  factory  of  the  Pacific  Coast  Borax  Company  at 
Constable  Hook,  N.  J.,  expansion-joints  were  introduced  in  both 
floors  and  walls.  A.  portion  of  this  building  was  four  stories  high  and 
a  portion  was  one  story  high,  and  it  was  rectangular  in  plan.    Vertical 


93. — Sketch    Plan   of   Roundhouse   Roof    Showing    Arrangement   of 
Expansion-joints. 

planes  passing  through  this  building  both  longitudinally  and  trans- 
versely 25  ft.  apart  marked  the  lines  in  walls  and  floors  at  which  ex- 
pansion-»joints  were  introduced.  These  joints,  therefore,  divided  the 
floors  into  25-ft.  squares  and  the  walls  into  sections  25  ft.  wide,  extend- 
ing from  foundation  to  roof.     In  the  floors  the  joints  in  each  case 
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divide  a  girder  or  beam  vertically  into  halves,  as  is  shown  by  the  draw- 
ings of  Fig.  44.  The  joints  in  all  cases  are  close  joints  formed  by 
finishing  one  section  of  wall  or  floor  against  a  vertical  form  and  allow- 
ing the  concrete  to  set  before  the  succeeding  sections  were  concreted. 
The  joints  are,  therefore,  planes  of  weakness  simply.  In  building 
the  wall  joints  the  adjacent  edges  of  the  wall  sections  were  reinforced 
by  a  vertical  bar  extending  from  top  to  bottom.  A  somewhat  similar 
system  of  expansion-joints  was  employed  in  constructing  the  foundry 
floors  of  the  Eastwood  Company  at  Paterson,  N.  J.  This  construc- 
tion is  illustrated  by  the  drawings  of  Fig.  44.  Fig.  92  shows  the  con- 
struction of  the  expansion- joints  for  a  roundhouse  roof  built  in  1904 
for  the  Long  Island  Railroad.  A  sketch  plan  of  this  roof  showing 
the  location  of  the  joints  and  the  dimensions  of  the  areas  bounded  by 
them  is  given  in  Fig.  93. 


CHAPTER    VIII.— REINFORCED     CONCRETE    IN     BRIDGE 
AND    CULVERT    CONSTRUCTION. 

Bridge  construction  is  one  of  the  best-known  applications  of  rein- 
forced concrete.  The  most  common  form  of  concrete-steel  bridge  is 
the  arch,  and  this  is  the  only  form  which  has  been  constructed  to  any 
extent  in  the  United  States.  In  Europe,  however,  girder  bridges  of 
concrete-steel  are  much  used.  These  are  sometimes  plain  flat  plates 
or  slabs  resting  on  abutments,  but  the  usual  construction  is  a  monolith 
consisting  of  a  slab,  with  stiffening  ribs  or  girders  on  the  under  side. 
The  unstiffened  slab  is  of  course  adapted  only  to  very  small  spans 
such  as  meet  the  requirements  of  ordinary  box-culvert  work,  but  the 
ribbed  construction  is  frequently  applied  to  spans  from  30  ft.  to  50  ft. 
in  length.  This  construction  has  met  with  particular  favor  in  building 
foot-bridges  and  highway  bridges  across  railway  tracks,  canals,  and 
small  streams,  where  the  light  weight,  freedom  from  corrosion,  and 
low  cost  of  the  structure  are  important  items.  ^ 

For  longer  spans  than  50  ft.,  arch  construction  is  almost  univer- 
sally employed,  and  concrete  arches  of  165  ft.  span  have  been  built 
and  much  longer  spans  of  that  material  have  been  designed.  The 
arch  bridge  of  reinforced  concrete  occupies  a  position  between  the 
metal  bridge  and  the  cut  stone  arch ;  it  possesses  the  quality  of  cheap- 
ness characteristic  of  the  steel  bridge,  while  having  much  of  the  beauty 
and  durability  of  the  masonry  arch.     Its  use  has  been  chiefly  for  high- 
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way  bridges  and  particularly,  in  America  at  least,  for  street  bridges 
and  bridges  carrying  park  roadways.  When  first  introduced  the  con- 
crete-steel arch  bridge  made  its  principal  appeal  to  American  engi- 
neers as  a  cheap  substitute  for  the  stone  arch ;  its  claims  as  a  type  of 
construction  having  an  individuality  and  structural  merits  peculiar  to 
itself  were  only  gradually  realized. 

In  the  earlier  bridges  of  concrete-steel  only  the  arch  ring  was  rein- 
forced, and  this  is  yet  the  usual  construction ;  but  a  number  of  such 
bridges  have  been  built  in  recent  years  in  which  the  supporting  piers 
and  the  spandrel  walls  and  parapet  walls  are  also  of  concrete  with  a 
metal  skeleton.  The  early  form  of  arch  was  the  plain  arch  or  the  arch 
ring  with  a  smooth  soffit,  but  ribbed  arches  are  now  being  built  in  con- 
siderable numbers.  With  certain  forms  of  reinforcement  European 
engineers  have  also  made  use  of  hinged  arches.  The  use  of  rein- 
forced concrete  for  bridge  floors  is  another  for  which  the  demand  is 
increasing.  A  less  familiar  application  is  the  reinforcement  of  steel 
girder  bridges  which  have  become  weakened  by  rust  or  are  in  particu- 
lar danger  of  such  an  attack  on  their  strength. 

Culverts  of  reinforced  concrete  are  largely  used  in  Europe,  and 
recent  American  practice  also  shows  a  number  of  examples  of  such 
structures.  In  cross-section  and  in  the  arrangement  of  the  reinforce- 
ment, culvert  construction  in  concrete-steel  approaches  bridge  prac- 
tice at  one  extreme  and  conduit  practice  at  the  other  extreme.  This 
feature  will  be  made  plain  by  the  description  of  representative  struc- 
tures which  are  given  toward  the  end  of  this  chapter.  Previously, 
however,  representative  examples  of  girder  bridges,  arch  bridges,  and 
bridge  floors  will  be  described. 

Girder  Bridges. 

Practically  all  forms  of  ribbed-plate  construction  in  concretc-stccl 
are  applicable  to  girder-bridge  construction.  Only  a  few  of  them 
have,  however,  been  so  employed,  and  of  these  only  those  which  have 
some  claim  to  general  use  are  considered  here.  From  these  few 
examples  the  engineer  will  readily  see  how  other  forms  not  commonly 
used  may  be  adapted  to  the  same  purpose. 

Hennebique  Constnictioii. — Hennebique  construction  has  been  em- 
ployed in  France  for  girder  bridges  having  spans  up  to  50  ft.  The 
construction  used  consists  of  a  flat  plate  stiffened  by  and  in  one  piece 
with  longitudinal  ribs  or  girders  spaced  from  3J4  ft.  to  Syi  ft.  apart. 
This  platform  is  usually  carried  on  masonry  abutments  or  on  abut- 
ments of  unrein  forced  concrete.  Fig.  94,  which  shows  a  transverse 
section  of  a  canal  foot-bridge  at  Yverdon,  France,  is  a  typical  girder 
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bridge  of  Hennebique   construction.     It   will   be  observed   that   the 
standard  floor-plate   and  joist  construction   employed   for  buildings 


Apmr  m*fr^ 


Fig.  94. — Cross-section  of  Girder  Bridge  at  Yverdon,  France. 

(p.  189)  is  closely  followed. •  The  overhang  of  the  plate  beyond  the 
girders  is  to  be  noticed  particularly.  Another  and  a  more  pronounced 
•example  of  this  detail  is  shown  by  the  part  section,  Fig.  95,  of  a 
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Fig.  95. — Part  Section  of  Girder  Bridge  Showing  Cantilever  Sidewalk. 

bridge  carrying  two  i»S-m.  (4.92- ft.)  railway  tracks.  This  bridge  has 
a  span  of  4.25  m.  (13.94  ft.)  and  is  built  on  a  skew  of  65®  40';  it  has 
four  girders,  and  the  trough  shape  of  the  platform  provides  for  the 
ballast  on  which  the  tracks  are  laid.  A  good  example  of  still  heavier 
construction  is  afforded  by  the  highway  bridge  built  in  1897  over  the 
Flon,  a  small  stream  near  Lausanne,  France.    This  bridge  has  a  span 
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of  15  m.  (49.2  ft.)  and  a  width  of  7.5  m.  (24.6  ft),  with  a  floor-plate 
7  ins.  thick  and  girders  i  ni.  (3.28  ft.)  deep.  It  was  tested  with  a 
20-ton  road  roller  and  cost  for  the  platform  alone  about  $1,700. 


Fig.  96. — Girder  Bridge  near  Hirdenheim,  Germany. 

Hirdenheim  Bridge,  Germany. — The  lateral  overhang  of  the  floor- 
plate  referred  to  in  the  bridges  illustrated  by  F^'igs.  94  and  95  is  often 
extended  to  form  sidewalks,  as  shown  by  Fig.  96.  This  is  the  cross- 
section  of  a  three-span  bridge  built  near  Hirdenheim,  Germany,  for 
highway  traffic.  The  center  span  is  14  m.  (45.9  ft.)  and  the  side  spans 
are  each  7.5  m.   (24.5  ft.)  ;  the  other  dimensions  are  shown  by  the 


Fig.  97.— Typical  Moller  Girder  and  Slab  Construction. 

drawing.    This  structure  furnishes  a  good  example  of  bracketed  side- 
walk construction. 

Moller  Construction. — In  Germany  the  Moller  ribbed-plate  construc- 
tion is  a  favorite  one  for  girder  bridges.  Moller  girder  bridges  consist, 
like  the  Hennebique,  of  a  plate  stiffened  by  and  in  one  piece  with 
vertical  ribs  spaced  about  5  ft.  apart.  Fig.  97  is  a  drawing  of  a 
typical  Moller  plate  and  girder.  It  will  be  observed  that  the  under 
side  of  the  platform  plate  is  haunched  downwara  at  the  ends,  giving 
it  the  appearance  of  a  flat-topped  arch,  and  that  the  ribs  are  of  the 
fish-belly  type.  The  reinforcement  is  peculiar,  that  of  the  plate  con- 
sisting of  small  bars  of  I  section  placed  parallel  and  transversely  of 
the  bridge,  and  that  of  the  girders  consisting  of  a  flat  strap  near  the 
bottom,  which  is  anchored  into  the  haunches  of  the  plate  and  which 
has  at  intervals  small  angles  riveted  transversely  to  give  a  mechanical 
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hold  on  the  surrounding  concrete.    A  representative  structure  of  this 
type  is  the  highway  bridge  over  the  Selke  at  Alexisbad,  Germany, 


Fig.  98. — Embedded  Steel  Beam  Bridge  near  Pittsburg,  Pa. 

built  in  1897,  with  a  span  of  15  m.  (49.2  ft.).    This  structure  with- 
stood a  test  load  consisting  of  a  22-ton  road  roller. 

Embedded  Steel-beam  Construction. — A  form  of  concrete-steel  girder 
bridge  which  has  been  used  in  a  number  of  important  instances  con- 
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Fig.  99. — Embedded  Steel  Beam  Cattle  Pass,  Aurora,  Elgin  & 
Chicago  R.R. 

sists  of  steel  I  beams  spaced  from  2  ft.  to  5  ft.  apart  spanning  the 
opening  and  embedded  in  concrete.  Fig.  98  shows  a  transverse  sec- 
tion of  a  bridge  of  this  type  which  was  built  in  1899  near  Pittsburg,  Pa. 
This  bridge  has  a  span  of  28  ft,  with  a  21 -ft.  roadway,  and  was  de- 
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signed  to  carry  a  12-ton  road  roller.  The  outside  girders  arc  18  ins. 
deep  and  the  intermediate  girders  are  20  ins.  deep.  Between  the  beams 
and  embedding  them  are  concrete  arches  reinforced  with  expanded 
metal.  An  embedded-girder  construction  used  for  cattle  passes  on 
the  Aurora,  Elgin  and  Chicago  electric  railway  is  shown  by  Fig.  99. 
This  structure  has  a  span  of  10  ft.  and  the  girders  are  lo-in.  I  beams 
spaced  14  ins.  apart    The  t>eams  are  entirely  embedded  in  concrete. 
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Fig.  100. — Embedded  Steel  Beam  Construction,  Aurora,  Elgin  & 
Chicago  R.R. 

but  are  figured  to  carry  the  entire  load.  The  claims  made  by  the 
designing  engineer  for  this  construction  is  that  it  reduces  the  dimen- 
sions of  the  abutments  so  much  that  the  structure  is  20  per  cent 
cheaper  than  an  open-floor  bridge  with  I  beams  on  concrete  abutments, 
A  second  form  of  embedded-girder  construction  employed  on  the  same 
road  resembles  that  illustrated  in  Fig.  98.  This  construction  is  shown 
by  Fig.  100.  Concrete  jack  arches  are  turned  between  the  I-beam 
girders  with  a  wire-netting  reinforcement  on  their  soffits.  The  end 
of  each  I  beam  rests  on  a  vertical  6o-lb.  rail  embedded  in  the  abut- 
ment, and  a  diagonal  rail  is  embedded  in  each  wing-wall.  This  con- 
struction is  said  to  give  a  saving  in  cost  of  30  per  cent,  over  open- 


BRIDGE  AND  CULVERT  CONSTRUCTION  230 

floor  I-beam  girder  construction.  A  somewhat  similar  construction  to 
these  American  examples  has  been  used  for  a  number  of  overhead 
highway  crossings  by  the  Chemin  de  Fer  de  TOuest  of  France.  It 
consists  of  steel  beams  placed  parallel  between  abutments  and  carry- 
ing thin  brick  arches  between  the  lower  flanges,  with  a  concrete  fill- 
ing above  these  arches  that  completely  embeds  the  beam.  By  this 
construction  spans  of  from  50  ft.  to  60  ft  have  been  built  with  girders 
from  30  ins.  to  36  ins.  deep. 

Concrete  Reinforced  Steel-girder  Construction. — A  special  application 
of  concrete-steel  which  is  deserving  of  brief  notice  is  illustrated  by 
an  overhead  highway  bridge  covering  the  tracks  of  the  Orleans  Rail- 
way at  Perigueux,  France.  This  bridge  being  in  danger  of  destruction 
by  the  locomotive  gases,  it  was  decided  to  embed  the  steel  members 
in  concrete  reinforced  by  bars  or  rods  to  provide  for  the  extra  dead 
load.  The  bridge  has  a  span  of  26  ft.,  and  as  reinforced  is  in  all 
essentials  a  concrete-steel  structure.  The  special  importance  of  the 
example  lies  in  the  suggestion  which  it  offers  for  the  protection  of 
some  if  not  all  of  the  members  of  metal  bridges  which  are  subjected 
tc  deterioration  by  locomotive  gases. 

Arch  Bridges. 

Practically  every  form  or  system  of  reinforcement  for  concrete  has 
been  adapted  to  arch  construction.  It  is  impossible,  however,  to  give 
within  reasonable  space  an  example  of  each,  and  it  would  be  to  a  large 
extent  a  useless  consumption  of*  space  to  do  so.  Only  a  few  of  the 
numerous  types  or  systems  of  concrete-steel  have  gained  prominence 
in  arch-bridge  construction  and,  therefore,  really  demand  description. 
These  are  all  included  in  the  succeeding  examples. 

Monier  Construction. — In  Europe  Monier  construction  for  arch 
bridges  takes  precedence  of  all  others  in  age  and  in  the  number  of 
representative  structures  for  which  it  has  been  employed.  The  first 
Monier  arches  were  built  in  1867,  and  there  are  now  several  hundred 
bridges  of  this  type  located  principally  in  Germany  and  Austria.  In 
practically  all  Monier  bridges  the  use  of  reinforced  concrete  is  con- 
fined to  the  arch  ring,  the  abutments  and  spandrel  walls  being  of  stone 
or  of  brick  masonry  or  of  unrein  forced  concrete.  The  use  of  rein- 
forced spandrel  walls  and  spandrel  arches  is,  however,  not  unfamiliar. 
The  reinforcement  employed  for  bridge  arches  is  the  standard  Monier 
network  of  round  rods  and  wires  described  on  p.  362,  and  it  is  usually 
embedded  in  a  i  Portland  cement  and  3  to  4J/2  sand  mortar  and  not  in 
concrete  in  the  usual  meaning  of  that  term.  The  arrangement  of  the 
reinforcement  in  the  arch  ring  differs  in  different  bridges  and  is  best 
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illustrated  by  the  structures  whose  descriptions  follow.  The  great 
majority  of  the  bridges  which  have  been  built  of  Monier  concrete-steel 
have  had  spans  of  less  than  lOO  ft.,  but  a  number  have  greater  spans. 


Fig.  ioi. — Monier  Arch  Bridge  at  Nymphemburg,  Bavaria. 

and  the  longest  span  so  far  built,  that  of  the  Waidhofen  Bridge  in 
Austria,  is  44  m.  (144.2  ft.).  The  following  bridges  are  fairly  repre- 
sentative examples  of  European  practice  in  Monier  arch-bridge  con- 
struction. 

Fig.  IOI  shows  a  Monier  arch  of  17.3  m.  (86.7  ft.)  span  built  to 
carry  a  parR  roadway  at  Nymphemburg,  Bavaria.  This  arch  is  of 
the  basket-handle  type  and  is  reinforced  both  at  the  extrados  and  the 


Fig,  102. — Monier  Arch  with  Extradosal  Reinforcement  at  Haunches  only. 

intrados  of  the  ring  as  is  shown  by  the  half-section.  The  bridge  has 
a  total  width  of  10  m.  (32.8  ft.),  with  a  6.3-m.  (20.7  ft.)  roadway,  and 
was  designed  to  carry  wagons  of  26  tons.  The  roadway  is  paved  witli 
wood  blocks  resting  directly  on  the  arch  ring  at  the  crown  and  on  a 
concrete  filling  over  the  haunches.  The  double,  or  top  and  bottom, 
reinforcement  shown  by  Fig.  126  is  less  frequently  used  in  Monier 
arches,  however,  than  the  form  illustrated  by  Fig.  102,  which  shows 
a  highway  bridge  over  a  canal  at  Draulitten,  Germany.  This  is  a 
polycentric  arch  of  26.3  m.  (86.3  ft.)  span  and  4.3  m.  (14.1  ft.)  width, 
and  was  designed  for  a  load  of  90  lbs.  per  square  foot.  The  abut- 
ments are  masses  of  concrete,  the  spandrel  walls  are  of  brickwork,  and 
the  spandrel  filling  is  concrete.    The  reinforcement  of  the  ring  con- 
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sists  of  a  continaous  intradosal  net  and  an  extradosal  net  reaching 
from  each  skew-back  part  way  up  the  haunch.  In  many  Monier 
arches  the  upper  ends  of  these  extradosal  nets  are  brought  down  and 
tied  to  the  intradosal  net.  These  two  forms  of  reinforcement  have 
been  preferred  in  Europe  to  the  double  reinforcement  or  continuous 
top  and  bottom  net.  One  of  the  longest  and  boldest  Monier  arches 
ever  built,  however,  has  a  double  reinforcement.  It  is  the  Wildegg, 
Switzerland,  Bridge  built  in  1890,  with  a  span  of  37.22  m.  (122  ft.), 
a  width  of  3.9  m.  (12.8  ft.),  and  a  ring  thickness  of  0.17  m.  (6.69  ins.) 
at  the  crown  and  of  0.25  m.  (9.85  ins.)  at  the  springing-lines.  The 
remarkable  thinness  of  arch  ring  employed  by  the  European  builders 
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Transverse   Section. 
Fig.   103. — Wiinsch  Arch  Bridge  at   Sarajevo,   Bosnia. 

of  Monier  bridges  is  most  notable  in  this  structure.  The  Wildegg 
Bridge  has  a  skew  of  45°  and  was  designed  for  a  load  of  112  lbs.  per 
square  foot. 

Wunsch  Construction. — The  flat-topped  arch  construction  of  rein- 
forced concrete  designed  by  Robert  Wiinsch  of  Budapest,  Hungary,  in 
1891,  has  been  employed  in  building  several  notable  structures  in  the 
country  of  its  origin.  The  Wiinsch  reinforcement  consists  of  a  hori- 
zontal top  member  of  T  section  placed  with  its  flange  upward  and 
of  a  curved  intradosal  member  of  the  same  section  placed  with  its 
flange  downward.  At  the  crown  of  the  arch  the  webs  of  the  two  mem- 
bers overlap  and  are  riveted  together,  and  at  the  ends  of  the  arch  a 
vertical  tie  connects  the  two  members  and  extends  downward  into 
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the  pier  or  abutment  masonry,  where  it  is  anchored  to  a  girder  extend- 
ing  along  the  pier  transversely  of  the  bridge.  These  frames,  con- 
structed as  described,  are  placed  parallel  to  each  other  longitudinally 
of  the  arch  and  from  i8  ins.  to  2  ft.  apart.  The  ratio  of  the  cross- 
sections  of  the  reinforcement  and  of  the  concrete  at  the  crown  of  the 
arch  is  generally  about  2  to  100.  The  concrete  embedding  the  curved 
member  of  the  frame  is  much  richer  than  that  at  the  top  of  the  arch 
which  embeds  the  horizontal  member.  To  illustrate  Wiinsch  con- 
struction as  applied  to  bridges,  the  Emperor  Bridge  at  Sarajevo,  Bos- 
nia, and  the  Maryborough  Bridge,  Queensland,  have  been  selected. 

Emperor  Bridge,  Sarajevo,  Bosnia, — The  Emperor  Bridge  at  Sara- 
jevo, Bosnia,  crosses  the  river  Miljacka,  with  a  clear  span  of  25.36  m. 
( 1 15.8  ft.)  and  with  a  rise  of  one-tenth  the  span.  Fig.  103  shows  the 
details  of  the  construction.  The  abutments  have  a  stone  facing,  but 
the  entire  remainder  of  the  structure  is  concrete.  The  construction 
and  arrangement  of  the  reinforcement  are  clearly  shown  by  the  draw- 
ings. The  concrete  is  composed  of  Portland  cement  and  unscreened 
gravel  in  the  following  proportions:  Foundations,  i  to  10;  abutments, 
1  to  8;  arch  ring  for  a  distance  of  3  dcm.  (9.8  ins.)  above  the  soffit, 
I  to  6;  arch  filling,  i  to  8.  The  bridge  was  tested  -with  a  uniform 
load  of  108  lbs.  per  square  foot,  and  there  were  used  in  its  construction 
about  865  cu.  m.  (1,031  cu.  yds.)  of  concrete  and  about  33,392  kgs. 
(73,325  lbs.)  of  metal.  The  total  cost  of  the  bridge  was  about  $16,500. 
This  is  the  longest  span  of  Wiinsch  concrete-steel  which  has  been 
built  up  to  1904,  and  is  an  excellent  example  of  the  type  in  all  par- 
ticulars except  that  in  smaller  spans  the  made-up  T  section  is  replaced 
by  a  rolled  T  section. 

Maryborough  Bridge,  Queensland, — The  low-level  bridge  built 
across  the  Mary  River  at  Maryborough,  Queensland,  in  1896,  after 
designs  by  Alfred  B.  Brady,  M.  Inst.  C.  E.,  is  the  most  notable  ex- 
ample of  Wiinsch  construction,  as  applied  to  bridges,  which  exists  out- 
side of  continental  Europe.  The  dimensions  of  this  bridge  are :  length 
over  all,  613  ft.;  waterway  between  abutments,  395  ft;  total  width, 
22  ft.  8  ins.;  width  of  roadway,  20  ft.  8  ins.;  length  of  spans,  80  ft.; 
rise  of  spans,  4  ft. ;  thickness  of  arch  at  center,  18  ins.  at  curbs, 
crowned  to  20  ins.  at  center;  thickness  over  piers,  5  ft.  8  ins.  There 
are  eleven  spans  carried  on  two  concrete  abutments  and  ten  piers 
founded  on  pneumatic  caissons. 

Fig.  104  shows  the  arrangement  of  the  arch  reinforcement  and 
other  structural  details  of  the  bridge.  The  concrete  used  in  the  arches 
consists  of  I  part  Portland  cement,  V/z  parts  sand,  and  4  parts  stone 
broken  to  pass  a  2-in.  ring.  The  rein  forcing-frames  are  constructed 
according  to  the  standard  Wiinsch  construction,  except  that  the  mem- 
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bers  are  railway  rails  of  Vignoles  section  weighing  41.25  lbs.  i)er  yard. 
The  horizontal  rail  is  placed  base  downward  and  is  continuous  from 
end  to  end  of  the  bridge.  It  is  connected  to  the  segmental  member 
by  a  vertical  tie  over  each  abutment,  but  there  is  no  connection  be- 
tween the  two  members  at  the  piers.  The  segmental  members  arc 
placed  base  up  and  are  distinct  for  each  arch ;  they  are  spliced  ti^ther 
at  each  pier  and  anchor-bolted  to  the  masonry.  There  are  eleven  rein- 
forcing-frames  spaced  2  ft  apart,  and  they  are  braced  together  over 
each  pier  and  at  two  places  in  each  span  by  a  2>4X2>'iXH  *"•  ^^g^ 
riveted  to  the  flanges  of  the  horizontal  members.  The  principal 
purpose  of  these  cross-braces  was  to  hold  the  frames  in  place  while 
the  concrete  was  being  filled  around  them.  All  exposed  concrete 
surfaces  were  finished  by  floating  them  with  a  i  to  2  Portland  cement 
and  sand  mixture  in  two  coats  aggregating  not  less  than  ^  in.  in  thick- 
ness and  by  giving  this  facing  a  6  to  i  cement  and  sand  fluid  wash. 
The  total  cost  of  the  bridge  in  round  figures  was  $75,000.  A  full 
description  of  the  Maryborough  Bridge  is  given  in  Trans.  Inst  C.  E,, 
Vol.  CXLI,  p.  246. 

Hennebiqne  Conttmction — The  ribbed-arch  construction  of  Henne- 
bique  has  been  employed  in  building  a  number  of  bridges,  one  of  them 
being  the  longest-span  concrete-steel  arch  bridge  ever  built  For 
short  spans  the  typical  construction  is  a  flat  plate  stiffened  by  longi- 
tudinal arched  ribs  spaced  from  5  ft  to  10  ft.  apart  In  some  cases 
transverse  ribs  stiffen  the  floor-plate  between  the  main  arch  ribs. 
This  general  form  of  construction  is  employed  for  spans  of  from  30 
to  60  ft.  For  spans  longer  than  60  ft.,  an  arch  ring  stiffened  intrado- 
sally  by  arch  ribs  is  the  usual  construction.  An  example  of  each  form 
of  construction  is  given  in  the  following  paragraphs : 

Aisne  Bridge,  Soissons,  France. — The  three-span  highway  and 
tramway  bridge  built  over  the  river  Aisne  at  Soissons,  France,  in 
1903,  is  an  excellent  example  of  the  Hennebique  flat-plate  and  arch-nb 
construction.  This  bridge  is  built  on  a  skew  of  30®  and  has  three 
spans  of  24.25  m.,  24.48  m.,  and  24.25  m.  (about  80  ft  each)  carried 
by  two  abutments  and  two  piers  of  reinforced  concrete.  The  drawings 
of  Fig.  105  show  a  longitudinal  and  transverse  section  of  one  of  the 
shore  spans  and  the  supporting  pier  and  abutment.  As  will  be  seen, 
each  span  has  seven  ribs  spaced  unequal  distances  apart  which  carry 
and  are  in  one  piece  with  a  floor-slab  stiffened  by  joists  running  trans- 
versely between  ribs.  These  transverse  joists  are  not  shown  by  the 
drawing,  but  they  are  all  0.2  m.  wide  and  0.3  m.  deep,  and  are  spaced 
3.5  m.  apart  under  the  roadway  and  adjacent  sidewalk  and  half  this 
distance  apart  under  the  tramway  and  adjacent  sidewalk.  The  rein- 
forcement of  the  arch  wing,  and  the  floor-slab  is  shown  clearly  by 
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the  drawings.  The  arch  ribs,  with  the  exception  of  the  two  outside 
ones,  which  are  of  the  same  thickness  throughout,  are  made  thicker 
near  the  piers  and  abutments,  through  which  they  are  carried  so  as 
to  be  continuous  from  end  to  end  of  the  bridge.  This  thickening  of 
the  rib  is  indicated  by  the  transverse  section  in  Fig.  105. 

Chatellerault  Bridge,  France. — The  longest-span  concrete-steel  arch 
bridge  ever  built  is  the  Chatellerault  Bridge  over  the  river  Vienne 
at  Chatellerault,  France,  constructed  in  1899.  This  bridge  has  a 
center  span  of  50  m.  (164  ft.)  and  two  side  spans  each  40  m.  (131  ft.) 
long.  The  center  span  has  a  rise  of  15  ft.  8  ins.  and  the  side  spans 
have  each  a  rise  of  13  ft.  The  total  length  of  the  bridge  is  443  ft. 
Each  span  is  composed  of  an  arch  ring  stiffened  by  four  parallel  arch 
ribs  and  carrying  vertical  columns  supporting  a  roadway  platform  of 
slab  and  girder  construction.  The  arch  rings  are  6  m.  (19.68  ft.) 
wide  and  the  roadway  platform  is  8  m.  (26.24  ft.)  wide.  The  arch 
rings  increase  in  thickness  from  crown  to  skew-backs  and  the  stiflfen- 
ing-ribs  have  a  similar  variation  in  depth  but  a  constant  width.  The 
reinforcement  of  each  arch  rib  consists  of  intradosal  and  extradosal 
rods  connected  by  stirrups.  At  the  piers  and  abutments  this  reinforce- 
ment is  carried  into  the  substructure  masonry  as  shown  by  Fig.  106, 
and  both  abutments  and  piers  are  carried  up  above  the  arches  to  the 
level  of  the  roadway  platform  which  is  anchored  to  them.  The  piers 
and  abutments  consist  of  shells  of  concrete-steel  backed  with  concrete. 
The  roadway  platform  and  the  arch  ring  of  each  span  merge  into 
each  other  at  the  crown,  and  here  the  total  thickness  of  the  concrete- 
steel  structure  is  0.5  m.  (1.64  ft.)  for  the  164- ft.  span  and  0.44  m. 
(1.44  ft.)  for  the  131-ft.  spans.  The  bridge  was  designed  for  a  moving 
load  consisting  of  two  files  of  four-wheeled  carts  weighing  16  tons  and 
a  static  load  of  about  90  lbs.  per  square  foot  on  the  sidewalks,  the 
roadway  being  5  m.  (16.4  ft.)  wide  and  each  sidewalk  1.5  m.  (4.92  ft.) 
wide.  The  arch  was  tested  by  a  dead  load  of  165  lbs.  per  square 
foot  for  the  roadway  and  123  lbs.  per  square  foot  for  the  sidewalks, 
each  being  loaded  over  the  total  length,  then  on  each  half-span,  and 
then  over  the  middle  third  of  the  span.  Under  this  loading  the  max- 
imum deflection  of  the  right-shore  span  was  17/32  in.,  of  the  left-shore 
span,  J4  in-»  and  of  the  center  span,  13/32  in.  The  arches  resumed 
their  original  positions  upon  removal  of  the  load.  The  moving-load 
test  consisted  of  a  procession  of  first  a  16-ton  roller,  two  four-wheeled 
16-ton  carts,  and  six  two- wheeled  8-ton  carts.  After  this  the  steam- 
roller was  run  over  the  bridge  so  as  to  pass  over  2-in.  sticks  of  wood 
so  strewn  as  to  produce  a  series  of  shocks.  No  permanent  deforma- 
tion resulted  from  these  tests.  The  centering  and  forms  being  placed 
and  the  foundation  beds  ready,  concreting  was  begun  on  Aug.   15 
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and  finished  on  Nov.  5.  1899.    The  centers  were  removed  on  Dec  15, 
1899.    The  total  cost  of  the  bridge  was  about  $35,000. 

Arch-rib  Comtmctioiia. — A  number  of  concrete-steel  bridges  have 
been  constructed  in  Europe  in  which  isolated  arch  ribs  carry  the 
roadway,  the  construction  being  closely  analogous  to  steel-arch  con- 
struction. In  fact,  in  the  construction  of  a  bridge  of  this  type  at 
Auch,  France,  Mr.  Bonna  first  erected  self-supporting  steel-arch  ribs 
carrying  vertical  posts  supporting  a  roadway  platform  all  in  steel 
skeleton  and  self-supporting,  and  then  embedded  the  ribs  and  other 
steel  members  in  concrete.  This  bridge  has  four  ribs  of  21  m.  (69  ft) 
span  and  a  rise  of  i  in  io>^,  each  rib  being  0.4  m.  (1.31  ft.)  wide  and 
0.3  m.  (0.98  ft.)  deep  at  the  crown.  These  ribs  carry  vertical  columns 
of  reinforced  concrete  on  which  rests  the  roadway  platform  4.5  m. 
(14.76  ft.)  wide.  On  each  side  of  the  roadway  platform  there  is  a 
cantilever  sidewalk  0.75  m.  (2.46  ft.)  wide. 

MeUn  Constmctioii. — The  form  of  concrete-steel  arch  construction 
invented  by  Prof.  Joseph  Melan,  of  the  Polytechnic  School  at  Brunnc. 
Austria-Hungary,  has  had  its  principal  development  in  the  United 
States,  where  the  construction  was  patented  in  1893.  I"  ^^^^  ^°" 
struction  the  reinforcement  consists  of  parallel  arch  ribs  spaced  from 
2//2  to  y/i  ft.  apart,  and  having  a  depth  and  longitudinal  profile  closely 
corresponding  to  the  depth  and  profile  of  the  arch  ring.  Usually  the 
arch  ring  is  the  only  portion  of  a  Melan  arch  which  is  reinforced, 
the  abutments  and  spandrel  walls  being  of  ordinary  concrete  masonr). 
The  reinforcing  members  are  usually  rolled  I  beams  bent  to  the  curve 
of  the  arch  ring  for  short  spans  and  latticed  arch  ribs  for  longer  spans. 
One  development  of  the  construction  is  the  hinged  arch,  several  exam- 
I)les  of  which  have  been  built  in  Europe.  The  number  of  Melan  arch 
bridges  «that  have  been  built  precludes  the  mention  of  all  but  a  few 
representative  structures,  and  these  are  described  briefly  in  the  follow- 
ing paragraphs: 

Stockbridge  Arch,  Massachusetts. — One  of  the  finest  examples  of 
foot-bridge  construction  in  Melan  concrete-steel  in  the  United  States 
is  furnished  by  the  bridge  built  in  1895  by  Mr.  Fr.  von  Emperger  to 
give  access  from  Laurel  Hill  to  the  picturesque  Ice  Glen  at  Stock- 
bridge,  Mass.  This  bridge  has  a  space  of  100  ft.  with  a  rise  of  10  ft., 
and  is  7>4  ft.  wide  over  all.  Its  construction  is  shown  by  Fig.  107. 
The  reinforcement  consists  of  four  parallel  I  beams  bent  to  the  curve 
of  the  arch  and  with  the  ends  resting  against  and  bolted  to  angles 
crossing  the  abutments.  The  I  beams  were  7  ins.  deep  and  weighed 
15  lbs.  per  foot;  they  were  spaced  28  ins.  apart  and  raised  about  i}i 
ins.  to  2  ins.  above  the  soffit.  The  arch  ring  is  18  ins.  thick  at  the 
crown  and  30  ins.  deep  at  the  haunches.  The  concrete  used  consisted  of 
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I  part  Portland  cement,  2  parts  sand,  and  4  parts  broken  stone, 
except  that  at  the  crown  of  the  arch  this  mixture  was  enriched  by 
reducing  the  aggregates  to  4^  parts  of  the  mixture.  The  placing  of 
the  concrete  for  the  arch  ring,  22  cu.  yds.,  was  done  in  one  day  with 
a  force  of  24  men.  In  constructing  the  arch  ring  it  was  necessary  for 
the  sake  of  economy  to  use  a  rough-board  lagging  on  the  center, 
and  to  secure  a  smooth  soffit  finish.    Under  this  condition  the  follow- 
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Fig.   107. — Melan  Arch  Bridge  at  Stockbridge,   Mass. 

ing  resort  was  had :  The  lagging  was  plastered  with  a  layer  of  puddled 
clay  which  was  covered  with  a  layer  of  heavy  paper.  This  layer  of 
wet  clay  served  the  second  purpose  of  keeping  the  lagging  wet  and 
thus  preventing  it  from  shrinking  away  from  the  concrete  as  often 
happens.  The  false  works  were  removed  six  weeks  after  the  com- 
pletion of  the  arch  ring,  and  upon  their  removal  the  arch  deflected 
^  in.  at  the  crown  and  yi  in.  at  the  haunches.  When  the  arch  ring 
was  seven  weeks  old  it  was  tested  by  a  uniform  load  of  75  lbs.  per 
square  foot  over  an  area  of  7^(100  ft.,  and  then  by  half  of  this  load 
concentrated  over  one-half  of  the  arch.  The  arch  showed  no  appre- 
ciable deflection  under  these  loads.    The  total  cost  of  the  bridge  was 

$1,450- 

Topeka  Bridge,  Kansas, — The  most  important  highway  bridge  of 
Melan  construction  in  the  United  States  is  the  one  built  across  the 
Kansas  River  at  Topeka,  Kan.,  by  Keepers  &  Thacher  in  1896-7. 
This  bridge  consists  of  five  spans,  one  125  ft.  long,  two  no  ft.  long, 
and  two  97^^  ft.  long.  The  bridge  has  a  26-ft.  roadway  and  two 
7-ft.  sidewalks.  The  piers  and  abutments  are  of  concrete  on  pile 
foundations.  Figs.  108  and  109  show  their  construction  and  also  that 
of  the  arches.  The  reinforcement  consists  of  twelve  arch  ribs  of  lat- 
tice construction,  spaced  3  ft.  apart.  Each  rib  is  spliced  at  several 
points,  and  the  abutting  ribs  of  adjacent  arches  are  connected  by  a 
riveted  joint.  The  drawings  of  Figs.  108  and  109  show  clearly  the 
rib  construction  and  the  nature  of  the  splices  and  connections.     The 
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material  used  in  these  ribs  was  steel  meeting  the  following  specified 
requirements:  Tensile  strength,  60,000  lbs.  to  68,000  lbs.;  elongation 
in  8  ins.,  28  per  cent. ;  reduction  of  area  at  fracture,  40  per  cent.  The 
concrete  used  for  the  arch  rings  was  composed  of  i  part  Portland 
cement,  2  parts  sand,  and  4  parts  limestone  broken  to  from  >4-in.  to 
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Fig.   108. — Abutment  Construction  of  Melan  Arches  at  Topeka,  Kan. 

I -in.  sizes  for  all  parts  except  exposed  faces  where  a  i-in.  facing  of  i 
part  Portland  cement  and  2  parts  sand  mortar  was  employed.  The 
finish  of  the  exposed  surfaces  consisted  of  sifting  on  sand  and  cement 
and  rubbing  the  surfaces  hard  with  a  float.  The  filling  above  the  arch 
ring  was  earth  tamped  in  layers.  The  cost  of  the  bridge  complete  was 
$125,000. 

Hinged  Arches,  Melan  System. — All  the  Melan  arches  constructed 
in  the  United  States  have  rigid  arch  rings.  In  Europe  a  number  of 
hinged  arches  of  this  construction  have  been  built.  The  most  notable 
of  these  is  the  42.4-m.  (139.1  ft.)  arch  built  in  1898  at  Steyr,  Austria, 
with  a  rise  of  2.617  m.  (8.56  ft.)  or  one-sixteenth  of  the  span.  This 
arch  has  three  hinges  located  at  the  crown  and  the  springing-lincs. 
Fig.  no  shows  a  transverse  section  and  a  half  longitudinal  section  of 
the  span.  By  referring  to  the  longitudinal  section  it  will  be  seen  that 
each  half  of  the  arch  ring  is  a  separate  piece  or  segment,  and  that  it  is 
thicker  at  the  haunches  than  at  the  ends.     The  exact  depths  at  the 
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three  points  are:    crown,  0.6  m.   (1.97  ft);  sprin^ng-Iines,  0.7  m. 
(2.29  ft.);  haunch,  0.8  m.  (2.62  ft.).    The  half-ribs  which  reinforce 
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Fig.   1 10. — Hinged   Melan  Arch   Bridge  at  Steyr,  Austria. 


Hinge   ot  Sh«vv1x>cH. 

Fig.  III. — Steel  Girder  and  Hinge  Construction  for  Bridge  at  Steyr, 

Austria. 


the  arch  ring  are  similar  in  outline  and  are  0.5  m.  (1.64  ft.)  deep  at 
the  haunches.    The  cross-section  of  the  reinforcement  is  2.2  per  cent, 
of  that  of  the  arch  ring  at  the  crown. 
The  reinforcing-ribs  have  T-section  chords  made  up  of  angles,  and 
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a  lattice-web  as  shown  by  Fig.  in.  At  three  points  in  each  half- 
arch  the  ribs  are  braced  together  by  cross  girders  constructed  as  shown 
by  Fig.  III.  There  are  six  reinforcing-ribs,  each  having  a  hinge  at 
the  crown  and  at  each  abutment.  These  hinges  are  quite  similar  in 
construction  to  those  employed  in  steel  arches,  and  are  sufficiently 
explained  by  the  drawings  of  Fig.  in.  The  articulations  of  the  con- 
crete ring  are  separate  from  those  of  the  ribs  and  between  them.  At 
the  ends  they  consist  of  a  skew-back  block,  with  a  concave  bearing  sur- 
face, and  a  ring-block,  with  a  convex  bearing  surface.  These  adjoin- 
ing concave  and  convex  bearing  surfaces  have  different  radii.  The 
skew-back  blocks  and  the  ring-blocks  were  cast  concrete  of  i  part 
Portland  cement  and  4  parts  aggregate.  The  articulation  at  the  crown 
is  of  similar  form  and  arrangement.  Between  the  concrete  bearing- 
blocks  there  were  placed  sheets  of  asbestos  board  to  distribute  the 
pressure.  These  cushions  have  proven  to  be  too  compressible,  and 
have  caused  some  trouble  for  this  reason.  By  referring  to  the  plan 
of  the  abutment  hinges  given  in  Fig.  in  it  will  be  observed  that  there 
is  an  open  space  between  the  rib  hinges  and  the  arch-ring  hinges  on 
each  side.  These  spaces  were  left  open  during  the  construction  of 
the  arch  but  were  afterwards  filled  with  concrete. 

The  concrete  of  the  arch  ring  is  composed  of  i  part  Portland  cement, 
2  parts  sand,  and  4  parts  broken  stone.  The  arch  ribs  are  of  soft  steel, 
the  skew-back  shoes  of  cast  iron,  and  the  other  hinge  castings  of 
steel.  Openings  are  provided  in  the  spandrel  wall  and  the  roadway 
over  the  crown  hinge  and  both  skewback  hinges.  The  other  details 
of  the  construction  are  evident  from  the  drawings  of  Figs,  no 
and  in. 

A  hinged  Melan  arch  of  exactly  similar  construction  to  that  at 
Steyr  just  described,  but  with  a  span  of  33  m.  (108.3  ^*-)  ^^^  ^  rise  of 
4.4  m.  (14.4  ft.),  was  built  in  1900  at  Laibach,  Austria.  A  more  un- 
usual example  of  hinged  construction  is  presented  by  the  26  m.  (82  ft.) 
span  built  at  Payerbach,  Austria,  in.  the  same  year.  This  arch  is 
hinged  at  the  crown  only.  The  arch  ring  is  0.45  m.  (1.47  ft.)  deep 
at  the  crown  and  1.46  m.  (4.79  ft.)  deep  at  the  springing-lines,  and 
the  lattice-girder  reinforcing-ribs  have  the  same  outline.  The  chords 
of  these  ribs  extend  into  the  abutments  and  there  converge  to  a  con- 
nection with  a  transverse  beam,  which  in  turn  is  connected  by  tie- 
rods  to  a  transverse  anchor-beam  buried  beneath  in  the  abutment 
masonry. 

A  view  of  the  Laibach  Bridge  is  shown  by  Fig.  112,  and  as  the 
method  of  construction  will  call  for  attention  in  a  succeeding  chapter, 
the  main  structural  details  will  be  briefly  outlined  as  follows:  The 
bridge  is  built  on  a  skew  of  9^  14^,  and  has  a  roadway  33  ft.  wide  and 
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two  sidewalks  each  6J4  ft.  wide.  The  outside  width  of  the  main  arcli 
is  about  50  ft.  The  loading  for  which  the  structure  was  calculated 
consists  of  two  wagons  weighing  each  13  tons,  and  a  uniformly  dis- 
tributed live  load  of  96  lbs.  per  square  foot.  The  axle  loads  were 
assumed  distributed  over  a  width  of  8  ft.  The  main  arch  has  a  clear 
span  of  33  m.  (108.3  ^^•)  ^md  a  span  center  to  center  of  hinges  of 
109.34,  with  a  rise  of  14.34  ft.  Its  intrados  is  three-centered,  following 
as  nearly  as  possible  the  curve  of  pressure  of  half  the  load.  On  the 
middle  33-m.  arch  the  intrados  has  a  radius  of  123  ft.,  while  the  radii 
of  the  end  arcs  arc  98  ft.  The  thickness  of  the  main-arch  ring  is  20 
ins.  at  the  crown,  2yy2  ins.  at  the  haunches,  and  25J/2  ins.  at  the  skew- 
backs.  Its  reinforcement  consists  of  14  steel  lattice  ribs  spaced  from 
3.3  ft.  to  3.8  ft.  apart,  whose  flanges  are  everywhere  about  2  ins. 
within  the  concrete.  These  ribs  are  connected  transversely  by  four 
sets  of  steel  cross- frames  and  are  parallel  with  the  axis  of  the  bridge, 


Fig.  112. — View  of  Hinged  Melan  Arch  Bridge  at  Laibach,  Austria. 


i.  e.,  are  skewed  with  respect  to  the  abutments.  Figs.  113  and  114 
show  the  hinge  construction.  The  concrete  hinge-blocks  were  molded 
several  months  before  construction  was  begun.  Full  and  unifonn 
contact  of  the  curved  abutting  faces  was  secured  by  placing  in  the 
joint  a  strip  of  hard  lead  4  ins.  wide  and  -j^^-i"-  thick.  The  center 
hinges  of  the  steel  ribs  are  simple  abutting  pin-joints,  as  will  be  seen 
from  the  drawing,  but  the  skew-back  hinges  of  the  ribs  have  wedges 
for  accurate  adjustment  of  the  span.  After  the  arch  was  completed 
and  the  centering  removed,  the  hinges  of  the  metal  ribs  were  encased 
in  concrete.  As  all  the  permanent  deflections  of  the  arch  had  prob- 
ably taken  place  before  that  time,  it  was  thought  that  this  concreting 
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Concrete  Hinge  Blocks. 


Hfnge  of  Steel  Girdere. 
Fig.  114. — Center  Hinges  of  Laibach  Bridge. 
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would  not  interfere  with  the  proper  action  of  the  hinges ;  as  a  matter 
of  fact,  no  cracks  had  appeared  three  years  after  the  bridge  had  been 
put  into  service.  The  back  of  the  arch  ring  was  covered  with  a  i-in. 
layer  of  asphalt  to  shed  water,  and  drain-holes  were  formed  througn 
the  ring  at  all  points  of  depression.  The  weight  of  metal  in  the 
bridge  was  about  67  tons,  of  which  16  tons  are  in  the  hinge-castings. 
The  total  cost  of  the  bridge  was  $32,000,  which  includes  $2,000  for 
ornamentation  and  a  large  sum  for  the  heavy  foundations.  The  bridge 
was  designed  by  Prof.  Melan. 

Thachcr  Constmction.— In  1899  Mr.  Edwin  Thacher.  M.  Am.  Soc 
C.  E.,  the  designer  and  builder  of  the  Topeka,  Kan.,  bridge  and  other 
bridges  of  Melan  construction,  patented  a  form  of  concrete-steel  arch 
construction.  In  this  construction  the  reinforcement  consists  of  flat 
steel  bars  in  pairs  spaced  at  proper  distances  apart  transversely  of  the 
bridge.  The  two  bars  of  each  pair  are  placed  one  above  the  other,  so 
that  one  follows  the  extrados  and  the  other  the  intrados  of  the  arch 
ring,  while  both  extend  well  into  the  abutments  or  piers.  The  bars  of 
each  pair  have  no  connection  with  each  other  except  through  the  con- 
crete, but  each  bar  is  provide<l  with  projections,  generally  rivet-heads 
of  extra  height,  spaced  at  short  intervals  to  provide  mechanical  rein- 
forcement of  the  adhesion  between  the  steel  and  the  concrete.  The 
bars  act  as  the  flanges  of  a  beam  to  assist  the  concrete  in  resisting  the 
thrusts  and  bending  moments  to  which  the  arch  is  subjected.  The 
following  advantages  are  claimed  for  this  method  of  reinforcement: 
It  gives  a  larger  amount  of  inertia  and  consequently  greater  strength 
for  the  same  amount  of  steel;  a  more  reliable  connection  is  secured 
between  the  steel  and  the  concrete  than  in  any  system  that  depends 
upon  adhesion  alone ;  the  bars  can  be  shipped  straight  in  any  conven- 
ient form  and  bent  cold  to  the  curve  desired.  A  number  of  important 
bridges  have  been  built  of  the  construction  described.  More  recently 
Mr.  Thacher  has  designed  a  rcinforcing-rod  consisting  of  a  round  bar 
rolled  with  flat  spots  at  intervals.  This  bar  is  used  in  all  respects  like 
the  flat  bars  just  described. 

Y'Bridgc,  Zancsxnlle,  0/»"o.— The  most  notable  bridge  of  Thacher 
construction  in  many  respects  is  the  so-called  Y  bridge  at  Zanesville. 
0.,  built  in  1900-1.  This  bridge  is  built  at  the  junction  of  the  Musk- 
ingum and  Licking  rivers,  and  to  reach  all  three  shores  it  has  three 
arms  radiating  from  a  triangular  pier  as  a  center.  Two  of  these  arms 
have  three  spans  and  the  other  has  two  spans.  The  main  dimensions 
of  the  several  spans  are : 
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The  arches  were  built  first  and  the  spandrel  walls  later,  the  archei 
and  spandrels  being  tied  together  with  steel  anchor-rods  or  dowels 
as  shown  by  Fig.  115.  The  thickness  of  ring  at  the  crown  of  the  arch 
varies  from  18  ins.  for  the  8i-ft.  spans  to  30  ins.  for  the  122-ft. 
spans.  The  dimensions  and  construction  of  the  spandrel  and  parapet 
walls  are  shown  by  Fig.  140.  Each  arch  is  reinforced  by  15  pairs  of 
steel  bars  }i  in.  thick  and  of  varying  widths ;  3  ins.  for  the  81 -ft.  spans, 
5  ins.  for  the  122-ft.  spans,  and  4}^  ins.  for  the  other  spans.  These 
bars  are  placed,  as  shown  by  the  cross-section.  Fig.  116,  about  3  ft. 
apart  transversely  of  the  bridge  and  about  2  ins.  from  the  intrados  and 
extrados.  Each  bar  has  rivets  driven  in  it  at  8-in.  pitch,  and  splices 
are  formed  by  double-splice  plates  with  six  rivets.  The  bars  of  adja- 
cent arches  are  made  continuous  over  the  piers  and  the  ends  are  sim- 
ply embedded  in  the  concrete  skew-backs  of  the  abutments  and  the 
center  pier.  As  shown  in  the  cross-section.  Fig.  141,  they  are  43  ft. 
wide  over  the  arches  and  42  ft.  wide  between  parapet  walls.  This 
width  is  divided  into  a  30-ft.  roadway  and  two  6-ft.  sidewalks.  The 
spandrel-filling  is  earth  compacted  by  flooding.  This  filling  is  crowned 
for  the  roadway  and  covered  with  6  ins.  of  concrete,  on  which  a  brick 
pavement  is  laid  on  a  sand-cushion. 

Jacaguas  River  Bridge,  Porto  Rico. — ^The  Jacaguas  River  Bridge 
carries  the  military  road  leading  from  San  Juan  to  Ponce,  Porto  Rico, 
over  the  Jacaguas  River  at  Juana  Diaz.  It  has  three  spans :  a  center 
span  with  a  length  of  120  ft.  and  a  rise  of  12  ft.  and  two  end  spans 
with  a  length  of  100  ft.  and  a  rise  of  11.38  ft.  each.  The  total  length 
of  the  bridge  is  404  ft.,  and  it  has  a  width  of  20  ft.  The  reinforcement 
of  each  arch  ring  consists  of  seven  pairs  of  flat  bars,  arranged  as  shown 
by  Figs.  116  and  T17.  The  concrete  of  the  arch  ring  was  composed 
of  I  part  Portland  cement,  2  parts  sand,  and  4  parts  broken  stone,  and 
the  abutment  and  pier  concrete  had  the  proportions  of  1 13 :6.  The 
arch  rings  were  built  on  centers  in  three  longitudinal  sections,  a  center 
section  9  ft.  wide  and  two  side  sections  334  ft.  wide.  The  exposed 
surfaces  were  mortar-faced,  and  a  considerable  number  of  cracks  and 
shells  developed  subsequently  in  this  facing. 
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Fig.  115.— Section  of  Spandrel  and  Parapet  Wall,  Y  Bridge,  ZancsyiDer 

Ohio. 
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Croee    S«ci-Von    ort-    Crown    of    Arch,     Enlarged. 
Fig.  116. — Cross-section  of  Arch  at  Crown,  Zanesville  Y  Bridge. 
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The  centering  of  the  west-end  span  was  lowered  in  two  months  and 
the  deflection  of  the  arch  was  y^g-in.,  which  gradually  increased  to 
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Croes       Slction      Showing       Pier, 
Fig.  117. — Cross-section  of  Jacaguas  River  Bridge. 

^  in.  in  sixty  days  after  which  no  further  deflection  took  place.  The 
centering  of  the  center  span  was  lowered  after  forty  days  and  deflected 
5^  in.,  which  increased  to  about  J^  in.  in  one  month.  The  centering 
of  the  east-end  span  was  lowered  after  thirty  days,  and  the  arch 
deflected  ^  in.,  which  increased  to  about  1%  ins.  in  two  months.  The 
bridge  was  tested  by  the  Board  of  Public  Works  as  follows :  107  bags 
filled  with  sand  and  from  30  to  60  men  giving  a  total  weight  of  from 
21^2  to  235^  tons  were  concentrated  at  the  center  and  intermediate 
points  of  the  east  100- ft.  span  and  at  the  center  of  the  120-ft.  span. 
The  deflections  of  the  spans  were  0.012  in.  and  0.015  in.,  respec- 
tively. 

Green  and  Goat  Island  Bridges,  Niagara  Falls,  N.  Y. — During  1900 
there  were  constructed  at  Niagara  Falls  two  concrete-steel  arch 
bridges,  one  connecting  the  mainland  with  Green  Island  just  above  the 
brink  of  the  American  Falls  and  the  other  connecting  Green  Island 
with  Goat  Island.  The  first  named  of  the  two  bridges  is  the  larger, 
and  it  also  will  be  described.     This  bridge  is  shown  by  Fig.  118.     It 
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has  three  spans :  a  center  span  of  no  ft.  and  a  rise  of  iij4  ft,  and  two 
end  spans  each  103 J^  ft.  long  with  a  rise  of  10  ft.  The  width  of  the 
bridge  over  all  is  44>4  ft.  and  its  total  length  is  371  ft.  The  reinforce- 
ment consists  of  twelve  pairs  of  Thacher  bars  in  each  arch  ring.  The 
arch  rings  are  of  concrete  composed  of  i  part  Portland  cement,  2  parts 
sand,  and  4  parts  broken  stone  (run  of  crusher)  ;  the  concrete  of  the 
abutments  had  the  proportion  of  1 13 :6.  All  exposed  faces  except 
the  soffits  of  the  arches  are  faced  with  cut  stone.  The  arch-ring  con- 
crete was  laid  in  longitudinal  sections.  The  contract  price  for  the 
bridge  was  $102,070. 

Expanded-metal  Construction. — Arch  bridges  with  expanded-metal 
reinforcement  are  comparatively  rare,  the  concerns  controlling  the  use 
of  this  material  having  devoted  their  attention  more  toward  extending 
its  use  for  other  classes  of  structures.  As  a  consequence  no  definite 
method  of  arch  construction  with  expanded-metal  reinforcement  has 
been  developed,  and  each  bridge  which  has  been  built  has  been  of  a 
construction  peculiar  to  itself.  Of  these  structures,  the  one  shown 
by  Fig.  1 19  is  a  particularly  good  example  of  concrete-steel  arch  con- 
struction. This  bridge  was  constructed  on  a  private  estate  at  Oconor 
mowoc.  Wis.,  in  1899.  It  has  a  clear  span  of  21  ft.  and  a  rise  of  6  ft. 
8  ins.  The  total  width  is  15  ft.  and  the  arch  ring  is  reinforced  on  the 
under  side  by  three  ribs.  The  reinforcement  consists  first  of  two  flat 
J^X3/^  in.  bars  on  each  side,  one  being  near  the  top  of  the  parapet 
and  the  other  directly  beneath  in  the  arch  ring  proper.  These  bars 
follow  the  curve  of  the  arch  ring  and  reach  down  into  the  abutments, 
where  they  connect  with  separate  anchor-plates.  The  lower  bars  are 
connected  across  the  bridge  by  j4-in.  round  rods  hooked  over  them 
and  spaced  18  ins.  apart.  Across  these  rods  was  di-awn  expanded 
metal  of  No.  16  gage  and  2j<2-in.  mesh,  which  was  lapped  and  wired 
at  all  edges.  The  concrete  for  the  entire  structure  was  composed  of 
I  part  Portland  cement,  3  parts  bank  torpedo  sand,  and  4  parts  of 
^-in.  broken  limestone.  The  finishing-coat,  i-in.  thick,  was  composed 
of  I  part  Portland  cement,  i  part  granite  screenings,  and  i  part  tor- 
pedo sand. 

Lnten  Construction. — In  concrete-steel  arches  as  -ordinarily  designed 
the  horizontal  thrust  of  the  arch  ring  is  resisted  by  heavy  abutments. 
A  number  of  small  arches  have  been  built  by  Mr.  Daniel  B.  Luten,  in 
which  a  concrete-steel  tie-plate  between  the  ends  of  the  arch  is  intro- 
duced to  receive  this  thrust,  the  abutments  being  largely  done  away 
with.  Fig.  145  illustrates  a  highway  bridge  built  at  Pontiac,  Mich., 
in  1902.  This  bridge,  which  is  shown  in  longitudinal  and  part  trans- 
verse section  has  a  span  of  30  ft.  and  a  width  of  60  ft.  The  reinforce- 
ment of  the  arch  ring  consists  of  parallel  steel  rods  so  curved  as  to 
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be  near  the  intrados  of  the  arch  at  the  crown  and  to  approach  the 
extrados  at  the  haunches.  Between  these  rods  at  three  points  near 
the  crown  are  looped  transverse  webs  which,  at  the  ends,  turn  upward 
into  the  parapets.    These  rods  are  clearly  shown  by  the  cross-section 


Fig.  119.— Arch  Bridge  with  Expanded  Metal  Reinforcement, 
Oconomowoc,  Wis. 

of  Fig.  120.  Between  the  lower  ends  of  each  arch-ring  rod  there  is 
stretched  a  horizontal  rod  to  serve  as  a  tie.  These  horizontal  rods  arc 
embedded  in  a  plate  of  concrete  which  serves  as  a  paved  stream-bed 
underneath  the  arch.  The  pavement  is  in  one  piece  with  the  arch 
ring,  the  whole  structure  being  monolithic.     The  concrete  was  made 
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of  I  part  Portland  cement,  3  parts  sand,  and  5  parts  broken  stone.  The 
tie- rods  and  pavement  have  been  spoken  of  as  horizontal ;  as  a  matter 
of  fact  they  are  dished  at  the  center  to  a  depth  of  8j4  ins.  below  the 
ends. 

Corrugated-bar  Constmction. — One  of  the  newest  forms  of  construc- 
tion for  arch  bridges  of  reinforced  concrete  is  that  in  which  the  rein- 
forcement consists  of  corrugated  bars.  The  new  bridge  built  over  the 
Des  Peres  River  in  Forest  Park,  St.  Louis,  Mo.,  is  a  typical  example 
of  this  construction.    This  bridge  is  illustrated  in  Fig.  121.     It  has  a 
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Fig.  120. — Luten  Arch  Bridge  at  Pontiac,  Mich, 

span  of  45  ft.  and  is  45  ft.  wide.  The  concrete  used  for  the  arch  ring 
and  spandrel  walls  was  composed  of  i  part  Portland  cement,  2  parts 
sand,  and  4  parts  limestone  broken  to  i>4-in.  size.  The  reinforcement 
consisted  of  corrugated  bars  J4  in-  square  placed  parallel  with  the 
axis  and  16  ins.  apart,  one  layer  close  to  and  following  the  curve  of 
the  intrados  and  another  layer  close  to  and  following  the  curve  of 
the  extrados.  The  corresponding  bars  of  the  two  layers  were  in  the 
same  vertical  plane.  For  the  haunch  portions  of  the  arch  the  extra- 
dosal  bars  arc  doubled,  as  shown  by  the  drawing.  In  some  designs 
the  extradosal  bars  are  doubled  the  full  length  of  the  arch  and  in 
others  transverse  bars  are  used  with  each  layer  of  longitudinal  bars  so 
as  to  form  a  square-mesh  network.  In  a  bridge  of  100- ft.  span  de- 
signed for  a  three-track  railway  by  the  patentees  of  the  corrugated-bar 
reinforcement,  the  reinforcement  was  arranged  as  follows:  V/^-xn. 
longitudinal  bars  spaced  ^yi  ins.  apart  crossed  by  J^-in.  transverse 
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bars  spaced  24  ins.  apart  for  the  intradosal  net ;  for  the  extradosal  net. 
two  layers  of  ij4-in-  longitudinal  bars,  one  with  8-in.  and  the  other 
with  5>i-in.  spacing,  and  between  them  a  layer  of  transverse  j4-in. 
bars  spaced  24  ins.  apart.  The  depth  of  the  arch  ring  at  the  crown 
was  36  ins. 

A  notable  example  of  corrugated  bar  and  stirrup  reinforcement  is 
shown  by  the  illustrations  comprised  by  Figs.  122  to  124.  The  bridge 
illustrated  carries  Seeley  Street  over  Prospect  Avenue,  in  the 
Borough  of  Brooklyn,  New  York  City,  and  is  a  skew  structure 
with  a  span  of  85  ft.  4  ins.  and  a  rise  of  8  ft.  6}i  ins.  The  draw- 
ings of  Fig.  123  show  a  transverse  and  a  longitudinal  section  of  the 
bridge. 

The  reinforcement  of  the  bridge  consists  of  corrugated  steel  bars. 
Tests  of  these  bars  showed  an  elastic  limit  of  66,630  libs.  per  square 
inch  and  an  ultimate  strength  of  106,270  lbs.  per  square  inch  for  the 
large  bars,  and  an  elastic  limit  of  65,880  lbs.  per  square  inch,  and  an 
ultimate  strength  of  105,170  lbs.  per  square  inch  for  the  small  bars. 
These  bars  are  arranged  in  the  form  of  an  intradosal  and  an  extra- 
dosal network  of  intersecting  bars  which  are  connected  through  the 
arch  ring  by  vertical  tie-bars.  The  intradosal  network  consists  of 
longitudinal  bars  ij4  ins.  square  spaced  8  ins.  apart  transversely  of 
the  arch  ring,  and  of  transverse  bars  J4  in.  square  spaced  18  ins.  apart 
longitudinally  of  the  arch  ring.  The  extradosal  network  is  identical 
in  construction  and  its  component  bars  are  located  vertically  above 
the  corresponding  bars  in  the  intradosal  network.  The  vertical  tie-bars 
are  located  at  the  intersections  of  the  longitudinal  and  transverse 
bars,  but  they  connect  the  upper  and  lower  longitudinal  bars  only 
as  indicated  by  Fig.  123.  These  tie-bars  are  yi  in.  square  and  are 
attached  by  being  hooked  under  the  lower  bars  and  hooked  over  the 
upper  bars.  In  the  intradosal  netting  the  transverse  bars  are  beneath 
the  longitudinal  bars  and  in  the  extradosal  netting  the  transverse  bars 
are  above  the  longitudinal  bars.  The  transverse  and  longitudinal 
bars  in  each  netting  are  wired  together  at  intersections  at  intervals 
only,  and  only  for  the  purpose  of  holding  them  in  their  proper  relative 
positions  during  construction. 

By  referring  to  the  illustration,  Fig.  122,  it  will  be  seen  that  at 
the  springing-lines  the  intradosal  netting  bends  downward  and  enters 
the  abutment  in  a  vertical  plane.  The  extradosal  netting,  however,  is 
discontinued  at  these  points  by  the  omission  of  the  transverse  bars, 
while  the  longitudinal  bars  are  continued  back  into  the  abutments 
as  anchor-bars.  The  abutments  themselves  are  of  rather  novel  design, 
since  they  are  corbelled  out  at  the  rear  and  top,  and  this  corbel  is  rein- 
forced to  withstand  cantilever  action,  as  shown  by  the  illustration. 
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Fig.  123.— Detail  of  Bar  and  Stirrup  Connections,  Seeley  Street  Bridge. 


Fig.   124.— Reinforced   Spandrel   Wall,   Seeley   Street   Bridge. 


BRIDGE  AND  CULVERT  CONSTRUCTION. 


267 


The  abutment-wing  walls  and  the  spandrel  walls  are  continuous  and 
are  reinforced  with  corrugated  bars,  as  shown  by  Fig.  124. 

Portland-cement  concrete  was  employed  for  all  parts  of  the  bridge. 
For  the  abutments  the  mixture  used  was  i  part  cement,  2j4  parts  sand, 
and  5  parts  i}i-in,  broken  limestone,  and  for  the  arch  ring  the  mixture 
was  I  part  cement,  2  parts  sand,  and  4  parts  ij4-in.  broken  trap-rock. 

The  drawings  of  Fig.  125  show  some  of  the  special  details  of  a 
75-ft.  reinforced-concrete  arch  built  for  the  Chicago,  Burlington  & 
Quincy  R.  R;  in  1903.  This  arch  was  designed  for  a  load  of  1,000  lbs. 
per  square  foot,  to  be  carried  by  the  concrete  alone,  and  has  a  depth 
of  3  ft.  at  the  crown.  The  arch-ring  reinforcement  consists  of  corru- 
gated steel  bars  arranged  as  shown  by  Fig.  125.     The  concrete  for 
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Fig.  125. — I>etails  of  Arch  with  Corrugated  Bar  Reinforcement, 
C,  B.  &  Q.  R.R. 

the  ring  is  a  1-2-4  mixture.  The  spandrel  walls  are  not  reinforced 
but  are  anchored  to  the  arch  ring  by  J^-in.  corrugated  bars  spaced  2  ft. 
apart  along  the  arch  and  acting  as  dowels.  Where  the  spandrel  walls 
join  the  abutment-wing  walls,  which  are  in  the  same  plane,  expansion- 
joints  are  introduced.  These  joints  are  ^  in.  wide  and  are  packed 
with  asbestos  board  and  covered  on  top  and  inside  the  walls  by 
cover-plates  bolted  to  the  concrete  with  yi-'m.  bolts.  The  top  of  the 
arch  is  waterproofed  with  %  in.  of  California  asphalt  The  abut- 
ment-wing walls  are  tied  together  across  the  roadbed  by  means  of 
reinforced-concrete  ties  of  the  form  shown  by  Fig.  125. 

Combination  Constructions. — In  Europe  several  arch  bridges  have 
been  built  in  which  a  combination  of  two  forms  of  concrete-steel  con- 
struction has  been  employed.  Two  of  these  structures  are  the  Skods- 
burg  Bridge  in  Denmark  and  the  Mieres  Bridge  in  Spain. 

Skodsburg  Bridge,  Denmark. — A  foot-bridge  built  in  1897  at  Skods- 
burg,  Denmark,  has  an  arch  ring  reinforced  with  the  railway  rails  of 
T  section  and  carrying  transverse  walls  on  which  rest  the  spandrel 
arches  of  the  platform.    The  walls  and  the  arches  which  they  carry 
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have  a  Monier  reinforcement.  Fig.  126  is  a  section  showing  the  arch- 
ring,  wall,  and  platform  construction.  The  arch  has  a  span  of  21^5 
m.  (71.5  ft.)  and  a  rise  of  2.57  m.  (8.43  ft),  and  the  area  of  the  mg 
reinforcement  is  2  per  cent,  of  that  of  the  total  sectional  area  at  the 
crown.    The  concrete,  except  the  filling  above  the  platform  arches,  was 


Fig.   126. — Detail  of  Skodsburg  Bridge,  Denmark. 

composed  of  i  part  Portland  cement  and  3  parts  gravel.    The  bridge 
cost  about  $2,000. 

Mieres  Bridge,  Spain. — A  bridge  built  across  the  River  Caudal,  at 
Mieres,  Spain,  has  a  three-hinged  Melan  arch  ring  carrying  spandrel 
columns  and  roadway  arches  reinforced  by  round  rods  arranged  after 
a  system  devised  by  the  engineer  of  the  work,  Mr.  J.  Eugenio  Rebira. 
The  bridge  has  three  girder  spans  of  10.5  m.  (34.4  ft.)  and  two  arch 
spans  of  35  m.  (114.8  ft.),  with  a  rise  of  one-tenth  the  span.  Fig.  127 
is  a  half-transverse  section  of  one  of  the  arch  spans  and  Fig.  128  is  a 
half -section  of  one  of  the  girder  spans.  The  rod  and  wire  reinforce- 
ment devised  by  Mr.  Rebira  for  the  girder  spans  and  the  roadway  plat- 
form of  the  arch  spans  is  clearly  shown  by  the  drawings.  The  total 
width  of  the  bridge  is  7  m.  (22.96  ft.),  and  is  made  up  of  a  5-^- 
(16.4  ft.)  roadway  and  two  i-m.  (3.28  ft.)  sidewalks.  The  total  cost 
of  the  bridge  was  about  $30,300. 
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Long-span  Concrete-steel  Arches. — Designs  for  concrete-steel  arches 
of  considerably  longer  span  than  any  which  have  been  constructed 
up  tor  the  present  time  (1904)  have  been  worked  out  by  a  number  of 
engineers.    These  designs  are  of  interest  as  showing  the  possibilities 


Fig.  127.— Half  Cross-section  of  Arch  Span,  at  Miercs,  Spain. 
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Fig.  128. — Cross-section  of  Girder  Span,  Mieres  Bridge,  Spain. 

of  this  form  of  construction  as  conceived  by  well-known  engineers, 
and  they  deserve  brief  mention  for  this  reason. 

Connecticut  Avenue  Bridge,  Washington,  D.  C. — In  1897  ^^e  Com- 
missioners of  the  District  of  Columbia  invited  competitive  designs 
from  four  different  engineers  for  a  bridge  of  monumental  character  to 
carry  Connecticut  Avenue  over  Rock  Creek  in  the  National  Park  at 
Washington,  E).  C.  Two  of  the  designs  submitted  called  for  one  or 
more  spans  of  concrete-steel  arch  construction.  One  of  these  designs 
was  by  Mr.  L.  L.  Buck,  M.  Am.  Soc.  C.  E.,  and  it  called  for  a  bridge 
with  seven  arch  spans  of  Melan  construction.  The  middle  arch  had 
a  span  of  190  ft.  (Fig.  129)  and  a  rise  of  50  ft.;  the  two  end  arches 
had  spans  of  105  ft.  and  rises  of  29  ft.,  and  the  intermediate  arches 
had  spans  of  175  ft.  and  160  ft.,  with  rises  of  50  ft.  All  the  arches  had 
segmental  arch  rings.  The  second  design  was  by  Mr.  Wm.  H.  Breit- 
haupt,  M.  Am.  Soc.  C.  E.,  and  called  for  a  middle  arch  of  steel  with 
a  span  of  544  ft.  8  ins.  flanked  by  two  225-ft.  concrete-steel  arches  and 
by  a  130-ft.  arch  at  one  end  and  a  115-ft.  arch  at  the  opposite  end, 
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both  also  of  concrete-steel  construction.  The  reinforcement  for  the 
225-ft.  arches  consisted  first  of  a  series  of  parallel  arch  ribs,  with 
horizontal  top  chords  and  curved  bottom  chords  connected  by  a  ver- 
tical post  and  diagonal  tie-web  system.  Between  these  main  ribs, 
which  occupied  the  full  spandrel  height  of  the  arch,  were  curved 
girders  occupying  the  height  of  the  arch  ring  only,  as  in  the  ordinary 
Melan  construction.  The  concrete  work  consisted  of  the  arch  ring, 
vertical  curtain  walls,  parallel  vertical  spandrel  walls,  and  horizontal 
concrete  struts.  The  spandrel  walls  and  the  curtain  walls  enclosed 
one  main-arch  rib  each;  the  concrete  struts  enclosed  the  horizontal 
bracing  between  the  arch  ribs,  and  the  arch  ring  enclosed  the  curved 
soffit  members.  Concrete  arches  between  the  spandrel  and  curtain 
walls  carried  the  floor.  The  130- ft.  and  115-ft.  end  arches  were  of 
the  usual  Melan  construction,  with  latticed  ribs. 

Memorial  Bridge,  Washington,  D.  C. — In  1900  the  Chief  of  Engi- 
neers, U.  S.  A.,  received  competitive  designs  from  four  engineers  for 
a  memorial  bridge  across  the  Potomac  River  at  Washington,  D.  C. 
Two  of  these  designs,  both  submitted  by  Prof.  Wm.  H.  Burr,  M.  Am. 
Soc.  C.  E.,  called  for  concrete  arches  for  a  number  of  the  spans,  and 
one  of  these  was  awarded  the  first  prize  in  the  competition.  In  the 
prize  design  the  bridge  proper  composed  a  center-draw  span  of  steel 
159  ft.  long  flanked  on  each  side  by  three  192- ft.  spans  of  concrete 
steel.  The  192-ft.  spans  are  segmental,  with  a  rise  of  29  ft.,  and  are 
ribbed  arches,  with  the  exterior  ribs  of  granite  masonry  and  the  inter- 
mediate ribs  of  concrete-steel  (Fig.  130).  The  concrete-steel  ribs 
were  30  ins.  deep  at  the  crown  and  7  ft.  3  ins.  deep  at  the  springing- 
lines.  The  second  concrete-steel  design  submitted  by  Prof.  Burr  called 
for  a  center-draw  span  of  213  ft.  flanked  on  each  side  by  two  283-ft. 
concrete-steel  arches  of  elliptical  form  and  a  rise  of  70  ft.  9  ins.  As 
in  the  prize  design  the  arch  has  outside  ribs  of  granite.  In  these 
arches  the  concrete-steel  ribs  were  8  ft.  deep  at  the  crown  and  23  ft. 
deep  at  the  abutments.  In  connection  with  this  last  design  it  is  of 
interest  to  note  that  one  of  Prof.  Burr's  designs  called  for  a  steel 
structure  identical  in  all  respects,  excluding  the  architectural  and 
ornamental  features.  The  comparative  estimated  costs  of  the  steel 
structure  and  of  the  reinforced-concrete  structure  were  $1,000,000  and 
$1,450,000,  respectively,  or  an  excess  of  reinforced  concrete  over  steel 
of  $450,000. 

Schenley  Park  Bridge,  Pittsburg,  Pa. — In  1876  Mr.  Edwin  Thacher, 
M.  Am.  Soc.  C.  E.,  designed  two  long-span  concrete-steel  bridges 
for  erection  in  Schenley  Park  at  Pittsburg,  Pa.  The  smaller  of  these 
structures,  planned  to  cross  St.  Pierre  Hollow,  is  shown  by  Fig.  131. 
The  main  features  to  be  noted  are  that  a  Melan  arch  ring  carries  span- 
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drel  bents  in  steel  which  support  a  concrete-steel  roadway.  The 
larger  of  the  two  bridges  at  Schenley  Park  was  designed  to  cross  Junc- 
tion Hollow  and  to  have  a  span  of  300  ft,  with  a  rise  of  66  ft  2  ins. 
flanked  by  70- ft.  and  61 -ft  spans,  and  to  have  a  width  of  80  ft  The 
main-arch  ring  had  a  depth  of  4  ft  at  the  crown.    This  bridge,  590  ft 
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Fig.  130. — Proposed  Arch  Span  for  Memorial  Bridge,  Washington,  D.  C. 

long,  was  estimated  to  cost  about  $7  per  square  foot  of  area  covered. 
Mr.  Thacher  considers  that  there  should  be  no  insuperable  difficulty 
in  constructing  arch  spans  of  500  ft.  according  to  a  similar  design. 

Bridge  Floors. 

Any  of  the  forms  of  rein  forced-concrete  floor  construction  pre- 
viously described  can  be  employed  for  bridge  floors,  and  there  are  a 
number  of  examples  of  their  use  in  this  manner.  Fig.  132  shows  a 
bridge  flooring  composed  of  Monier  arches  sprung  between  the  floor- 
beams  and  filled  above  with  concrete  to  give  a  flat  surface  for  the  sup- 
port of  the  paving.  This  construction  is  employed  for  spans  between 
beams  of  from  2.34  m.  (7.67  ft)  to  5  m.  (16.46  ft).  The  reinforce- 
ment consists  of  a  single  network. 

Fig-  133  shows  the  construction  of  one  of  the  earliest  bridrje  floors 
of  concrete-steel  to  be  built  in  the  United  States.  This  floor  was 
invented  by  Mr.  M.  F.  McCarthy  of  Chicago,  III.,  and  was  employed 
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in  a  cantilever  foot-bridge  built  in  Lincoln  Park,  Chicago,  by  Mr.  W. 
L.  Stebbings,  as  engineer.  As  will  be  seen  from  the  drawings,  the  floor 
beams  are  placed  at  the  panel-points  i8  ft.  apart,  there  being  at  the 
center  of  the  span  two  beams  placed  near  together,  with  the  expansion- 
joint  between  them.  Beginning  at  each  of  these  center  beams  a  series 
of  two  groups  of  four  steel  wires  each  is  carried  back  over  the  inter- 
mediate floor-beams  toward  each  end  of  the  span.  One  group  of  wires 
is  stretched  along  the  line  A,  B,  C,  D,  E,  while  the  other  group  is 
stretched  directly  above,  along  the  line  ACE.  The  vertical  planes 
passing  through  these  groups  are  i  ft.  apart  horizontally  in  a  direc- 
tion transversely  across  the  bridge,  as  shown  in  the  transverse  section. 
These  groups  of  wires  are  filled  around  with  concrete,  composed  of 
I  part  Dyckerhoff  cement,  2  parts  fine  torpedo  sand,  and  4  parts  blast- 
furnace slag,  which  was  rammed  into  place  as  soon  as  the  wires  were 
adjusted.  The  method  of  construction  was  as  follows:  The  false- 
work had  a  longitudinal  joist  directly  under  each  of  the  points  a,  b,  r, 
etc.  These  joists  were  covered  with  boarding,  and  on  this  boarding 
were  placed  the  forms  for  making  the  corrugation.  The  groups  of 
wires  were  first  stretched  into  place  under  a  tension  of  60  lbs.,  and  fast- 
ened into  their  proper  positions  by  hook  bolts  fastened  underneath  the 
wooden  joists.  These  hook  bolts  were  so  constructed  that  they  could 
be  removed  when  the  concrete  filling  was  firmly  set.  In  designing 
this  floor  it  was  assumed  that  the  wires  would  take  all  the  tensile 
strain,  while  the  concrete  in  the  top  part  of  the  beam  would  take  the 
compression. 

A  number  of  overhead  highway-bridge  crossings  have  been  built 
by  the  Erie  R.  R.,  Mr.  C.  W.  Buchholz,  M.  Am.  Soc.  C.  E.,  Chief 
Engineer,  with  the  general  form  of  concrete- steel  floor  construction 


Fig.  134. — Floor  for  Highway  Bridge  over  Eric  R.R.,  Newark,  N.  J. 

shown  by  Fig.  134.  The  particular  floor  illustrated  is  that  of  a  134- ft- 
plate-girder  bridge  on  Kearney  Avenue,  Newark,  N.  J.,  which  was 
designed  to  carry  two  lines  of  electric-railway  tracks,  a  carriageway, 
and  two  sidewalks.  The  main-floor  beams  are  6j4  ft.  apart  and  the 
sidewalk  beams  are  4  ft.  apart.    The  lower  flanges  of  the  floor-beams 
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were  wrapped  with  expanded-metal  lath,  and  sheets  of  3-in.  No.  10 
expanded-metal  were  sprung  between  them  to  form  the  soffits  of  seg- 
mental arches  of  14  ins.  rise.  Concrete  arches  were  built  on  these 
soffits,  enclosing  all  the  upper  portions  of  the  floor-beams  and  reaching 
several  inches  above  their  tops.  The  concrete  was  made  of  i  part 
Portland  cement,  2)/^  parts  sand,  and  6  parts  cinders,  well  rammed. 
After  the  concrete  had  set  and  the  centers  were  removed,  the  lower 
flanges  of  the  floor-beams  were  plastered  and  the  under  sides  of  the 
arches  were  floated.  The  concrete  filling  was  paved  with  asphalt. 
The  other  details  of  the  construction  are  shown  by  the  drawings  of 

Fig.  134. 

Fig.  135  shows  the  rein  forced-concrete  floor  construction  employed 
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Detxalls  of  Floor. 
Fig.  135.— Floor  for  Highway  Bridge,  Portage  County,  Ohio. 

for  a  rive  ted-through  truss  highway  bridge  of  100- ft.  span  built  in 
Portage  County,  Ohio,  in  1903.  In  this  bridge  the  floor-beams  are 
spaced  I2j4  ft.  apart,  and  they  carry  a  plate  and  joist  floor  reinforced 
by  square  twisted  steel  rods.  The  joists  run  lengthwise  of  the  bridge 
and  rest  directly  on  the  top  flanges  of  the  beams.  The  details  of  the 
reinforcement  are  shown  by  the  drawings. 
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Culverts. 

Culverts  of  both  arch  and  box  form  are  built  of  reinforced  con- 
crete. Molded  pipe  of  concrete-steel  has  also  been  employed  in  exactly 
the  same  manner  as  vitrified  clay  and  cast-iron  pipes  are  used  by  many 
American  railways.  Culvert  construction  approaches  bridge  practice 
at  one  extreme  and  aqueduct  practice  at  the  other  extreme.  A  few 
examples  will  illustrate  this  fact  and  will  also  be  sufficient  to  illustrate 
recent  practice  in  this  class  of  concrete-steel  structure. 

Illinois  Central  R.  R.  Construction. — A  type  of  rein  forced-concrete 
construction,  which  bears  a  close  resemblance  to  the  embedded  steel- 
beam  girder  bridge  construction  described  in  p.  199,  has  been  exten- 
sively employed  during  the  last  few  years  by  the  Illinois  Central  R.  R., 
and  is  by  that  company  termed  an  arch  construction.  This  construc- 
tion has  been  adopted  by  other  railways,  following  the  example  of  the 
Illinois  Central.  It  has  been  used  mostly  for  culvert  work  and  is 
therefore  included  here  in  the  section  devoted  to  culvert  work.  The 
first  example  given,  however,  is  a  bridge  structure  which  is  illustrated 
by  Fig.  136.  This  shows  a  concrete  bridge  yj  ft.  long,  consisting  of 
four  arch  spans.  This  is  a  double-track  structure,  replacing  a  light 
82-ft.  single-track  iron  bridge  over  Ames  Creek,  near  Buckley,  III. 
The  width  over  the  copings  is  36  ft.,  the  tracks  being  spaced  15  ft. 
center  to  center.  The  spans  are  15  ft.  in  the  clear,  with  a  radius  of 
20  ft.  for  the  crown  and  2  ft.  for  the  haunches.  The  concrete  is  18  ins. 
thick  at  the  crown,  and  over  each  arch  are  laid  9-in.  I  beams,  17  ft. 
6  ins.  long.  There  are  seven  of  these  beams  under  each  track,  spaced 
18  ins.  center  to  center  and  so  placed  that  at  the  center  of  the  arch 
there  are  3  ins.  of  concrete  below  and  6  ins.  above  the  beams.  Con- 
crete made  of  small  material  is  used  for  the  bottom  3  ins.  and  for  iji 
ins.  above  the  beams.  In  cross-section  the  top  of  the  concrete  is  fiat, 
but  slopes  at  each  side  to  the  coping  or  low  parapet,  through  which 
4-in.  drain-tiles  are  laid  at  intervals.  On  the  concrete  is  laid  the  stone 
ballast  18  ins.  thick,  in  which  the  tiles  are  embedded  as  shown.  The 
piers  are  3  ft.  thick  at  the  springing-line,  and  the  abutments  4  ft  thick 
at  the  same  level.  The  east  side  of  the  bridge  was  first  built,  parallel 
with  the  old  structure.  When  this  was  completed,  traffic  was  diverted 
to  it,  the  old  bridge  was  removed,  and  the  west  half  of  the  concrete 
structure  built.  This  bridge  contains  about  725  cu.  yds.  of  concrete. 
The  cost  of  the  double-track  concrete  structure  was  less  than  that  of 
a  single-track  steel  structure  of  modern  design  and  weight. 

Figs.  137  and  138  show  a  similar  construction  adopted  for  culverts, 
cattle-passes,  private  roads,  drainage-ditches,  etc.,  ranging  from  10  to 
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15  ft.  span.  The  arches  are  as  a  rule  quite  flat.  The  12- ft.  arch  has 
a  radius  of  16  ft.  for  a  chord  of  12  ft.,  and  corner  curves  of  2  ft. 
radius  to  the  face  of  the  abutment,  which  has  a  batter  of  i  in  24. 
For  single  track  the  length  of  the  culvert  is  19  ft.,  or  20  ft.  6  ins.  over 
the  parapet  walls.  The  thickness  of  concrete  at  the  crown  of  the 
arch  is  18  to  23  ins.,  and  five  lines  of  10-  to  12-in.  I  beams,  16  it  long, 
2  ft.  apart,  are  placed  under  each  track,  embedded  in  the  arch-work, 
with  about  3  ins.  of  concrete  below  and  8  ins.  above  at  the  crown. 
The  upper  surface  of  the  arch  forms,  with  the  parapets,  a  basin  or 
trough  in  which  the  ordinary  stone  ballast  is  laid,  so  that  the  roadbed 
can  be  continued  unbroken  over  the  structure.  The  wing  walls  may 
be  straight  or  flaring,  and  are  finished  off  in  steps  or  with  a  sloped 
coping,  as  desired.  The  invert  has  a  radius  of  26  ft.  The  amount 
of  concrete  in  such  a  12- ft.  culvert  is  about  200  cu.  yds.  In  concrete 
culverts  with  a  steep  fall,  scouring  under  the  8-in.  invert  is  prevented 
by  apron  walls  at  the  ends,  and  occasionally  at  intermediate  points. 
These  walls  are  18  ins.  thick  and  2  to  3  ft.  deep  below  the  bottom  of 
the  culvert.  Small  concrete  culverts  are  also  made,  having  openings 
3X5>^  ^t.,  or  3  ft.  diameter. 

The  culvert  shown  in  Fig.  137  is  typical  of  a  great  number  of  the 
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Fig.  137. — Embedded  I-beam  Single  Culvert,  Illinois  Central  R.R. 


smaller  structures,  some  of  which,  however,  are  without  the  invert 
This  is  a  10- ft.  culvert,  with  side  walls  3  ft.  6  ins.  thick  at  the  spring- 
ing line.  Under  each  track  are  fivt  lo-in.  I  beams,  14  ft.  long,  spaced 
2  ft.  apart.  The  invert  is  8  ins.  thick,  with  an  i8-in.  apron  wall  3  ft. 
deep  at  each  end.  This  culvert  contains  about  190  cu.  yds.  of  con- 
crete. A  somewhat  similar  class  of  structure,  but  having  greater 
height,  and  used  in  replacing  short  trestles,  is  shown  in  Fig.  138.  This 
has  two  i2-ft.  arches,  and  12-in.  I  beams,  spaced  as  before. 

Some  of  the  most  interesting  examples  of  reinforced-concrete  cul- 
vert constripction  of  recent  development,  are  illustrated  in  Figs.  130 
and  140  from  standards  adopted  by  the  Oregon  Short  Line  R.  R.   The 
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first  form  shown  is  a  box  culvert  and  the  second  is  an  arch  culvert 
The  side  walls  are  battered  and  rest  on  wide  footings,  and  the  arch 
and  cover-plate  are  in  each  case  reinforced  by  steel  rails.     In  the 
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Fig.  138.— Embedded  I-beam  Double  Culvert,  Illinois  Central  R.R. 
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Fig.  139. — Embedded   Rail  Box  Culvert.  Oregon  Short  Line  R.R. 

box  culverts  the  rails  are  straight  and  are  spaced  close  together  under 
the  tracks,  ^nd  'further  apart  toward  the  ends  of  the  walls.  The  rails 
are  all  set  base  downward  and  extend  well  over  the  abutments  at  the 
ends.  In  the  arch  culverts  the  rails  are  set  alternately  base  and  head 
downward  and  are  bent  to  approximately  the  curve  of  the  arch  ring. 
The  spacing  of  the  rails  is  similar  to  that  noted  for  the  box  culverts, 
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and  under  the  center  where  they  are  closest  tog^ether  there  arc  em- 
bedded two  parallel  intradosal  strips  of  expanded  metal.  The  bottoms 
of  both  box  and  arch  culverts  between  the  side  and  wing  walls  arc 
provided  with  a  gravel  bed  where  the  flow  is  sluggish,  and  with  stone 
paving  where  the  current  is  rapid.  To  hold  this  filling  or  paving  the 
side-  and  wing-wall  footings  are  braced  together  by  cross-walls  of 
concrete.    Two  of  these  walls  connect  the  extreme  ends  of  the  wing 
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Fig.   140— Embedded  Rail  Arch  Culvert,  Oregon  Short  Line  R.R. 

walls  on  each  side  of  the  roadway  and  serve  to  prevent  underscouring. 
The  concrete  used  for  the  culvert-work  is  a  1-3-6  Portland  cement  and 
broken  stone  mixture. 

New  York  Central  &  Hudson  River  R.  R. — Fig.  141  illustrates  a  rein- 
forced-concrete  culvert  built  on  the  Pennsylvania  Division  of  the 
New  York  Central  &  Hudson  River  R.  R.  in  1902.  This  culvert  carries 
the  roadbed  over  a  deep  gulley  known  as  Gravel  Run  and  is  300  ft 
long  with  a  clear  span  of  12  ft.,  and  contains  3,000  cu.  yds.  of  concrete. 
The  reinforcement  consists  of  No.  8  galvanized- wire  netting  in  the 
arch-ring  and  of  embedded  steel  rails  in  the  parapet  and  wing  walls. 
The  arch  ring  netting  has  a  iX2-in.  mesh.  One  of  the  notable  fea- 
tures of  this  culvert  was  the  method  employed  to  secure  a  smooth 
surface  finish  which  is  described  on  p.  413. 

Chicago,  Burlington  &  Quincy  R.  R.— The  drawings  of  Fig.  142  show 
a  box-culvert  construction  of  concrete  reinforced  with  corrugated 
bars.  This  culvert  is  147  ft.  long  and  passes  through  an  embankment 
about  30  ft.  high.  The  construction  is  shown  in  such  detail  by  the 
drawings  that  little  explanation  is  needed.  It  will  be  noticed  that  a 
V-shaped  section  was  cut  out  of  the  invert  at  each  end ;  the  purpose 
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of  this  was  to  make  the  unit  load  on  the  foundation-bed  as  nearly 
uniform  as  possible. 

Arch  Culvert,  Kalamazoo,  Mich. — In  diverting  a  small  stream  known 
as  Arcadia  Creek  which  runs  through  the  city  of  Kalamazoo,  Mich., 
use  was  made  of  a  concrete-steel  arch  culvert  having  the  section 
shown  by  Fig.  143.  This  culvert  is  1,080  ft.  long,  with  a  clear  width 
of  9  ft.  10  ins.,  and  a  clear  height  of  6  ft.    Its  grade  varies  from  0.4 
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Fig.   141. — Arch  Culvert  with  Expanded  Metal  Reinforcement, 
N.  Y.  C.  &  H.  R.  R.R. 

to  0.5  per  cent.  The  masonry  is  entirely  of  concrete  composed  of 
sand,  gravel,  and  Portland  cement.  The  proportions  are  generally 
about  one  part  of  Portland  cement  to  six  parts  of  sand  and  gravel. 
The  upper  arch,  however,  was  made  of  a  somewhat  richer  concrete 
than  this,  and  the  lower  arch  with  a  somewhat  poorer  concrete.  These 
proportions  were  not  rigidly  adhered  to,  the  composition  being  gen- 
erally made  richer  under  street  crossings  where  there  is  a  light  cover- 
ing of  earth,  and  also  where  particularly  treacherous  soil  underlaid  the 
foundations. 
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The  section  is  reinforced  by  a  woven  steel-wire  fabric,  as  shown  in 
the  cross-section.    The  members  of  this  fabric  which  extend  around 


\^'/fo''^^^ 


"-^ 


^b 


Sect-ion 


t\ 

f\ 

L 

^mm — ' 

Hcflf     I 
Smct\or\  ;  Half 

C-D.    I         End  Vi«i^. 

fH^d^O'-^^- 'I0'9r- 


Quarttr 


Fig.  142.— Box  Culvert  Reinforced  bv  Corrugated  Bars,  C,  B.  &  Q.  R-R- 


Fig.  143— Arch  Culvert  at  Kalamazoo,  Mich. 


the  culvert  are  of  No.  1 1  steel  wire,  and  two  layers  of  the  fabric  are 
used  in  all  cases,  thus  making  a  total  length  of  wire  surrounding  the 
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culvert  of  175  ft.  per  lin.  ft.  There  is  an  average  of  about  five  wires 
per  lineal  foot,  enclosing  the  conduit,  except  where  the  outer  and 
inner  reinforcements  overlap ;  in  this  case  there  is  double  this  number. 
The  bearing  portion  of  the  concrete  in  the  inverted  arch  was 
changed  in  form,  as  shown  by  the  dotted  lines,  Fig.  143,  according  to 
the  character  of  the  earth  on  which  the  concrete  was  to  be  laid.  In 
some  parts  of  the  work  the  conduit  rests  on  rather  soft  material.  For 
a  considerable  portion  of  the  way  it  rests  upon  quicksand.  In  ground 
of  this  character  two  lines  of  tile  drains  are  laid  under  the  invert,  and 
these,  by  removing  the  excessive  water  from  the  quicksand,  made  it 
firm  and  a  good  foundation.  Before  backfilling  about  the  arch  its 
-exterior  surface  was  well  brushed  with  neat  cement  grout.  The  in- 
terior of  the  conduit  was  also  finished  in  the  same  way. 

Spandrel  Construction. 

The  most  common  spandrel  construction  for  reinforced  concrete 
arches,  as  for  masonry  arches,  is  a  solid  filling  between  spandrel  walls. 
For  arches  of  considerable  span  and  rise  a  hollow  construction  is 
sometimes  employed  to  reduce  the  load  on  the  main  arch,  and  for 
aesthetic  reasons.  The  most  common  form  of  hollow  construction  con- 
sists of  two  or  more  spandrel  arches  over  the  haunches  of  the  main 
arch.  Such  arches  are  usually  worked  out  so  as  to  constitute  a  promi- 
nent architectural  feature  of  the  bridge.  Where  this  is  not  purposely 
sought  the  arches  are  replaced  by  a  simple  arrangement  of  columns 
carrying  a  roadway  platform  and  enclosed  by  thin  curtain-walls  at 
the  sides  of  the  bridge.  This  is  usually  a  less  expensive  construction 
than  spandrel  arches. 

Soiid-filled  Spandrels. — Solid-filled  spandrels  usually  consist  of  an 
embankment  of  earth,  sand,  cinders,  or  other  cheap  and  durable  filling 
enclosed  between  solid  retaining-walls  or  spandrel  walls.  Sometimes 
a  filling  o{  meagre  concrete  is  employed  in  place  of  the  earth  or  other 
loose  material,  and  in  these  cases  the  spandrel  walls  become  a  corpo- 
rate part  of  the  filling.  Where  the  spandrel  walls  retain  a  loose  filling 
they  have  the  usual  trapezoidal  retaining-wall  section.  Usually  they 
are  not  reinforced,  nor  are  they  bonded  into  arch  ring  otherwise  than 
by  the  natural  cohesion  of  the  concrete.  Many  of  the  illustrations  of 
arch  bridges  in  the  preceding  section  of  this  chapter  show  the  details 
of  the  spandrel  walls  employed.  Fig.  115,  illustrating  the  spandrel 
-walls  for  the  Zanesville,  Ohio,  Y  Bridge,  shows  a  method  of  bonding 
the  walls  into  the  arch  ring  by  means  of  dowels.  A  reinforced-span- 
drels  wall  construction  is  shown  by  Fig.  124.  This  wall  was  used  in  the 
Seeley  Street  Bridge,  Brooklyn,  described  on  p.  264.     It  will  be  ob- 
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served  that  the  reinforcement  is  designed  to  strengthen  the  wall  as  a 
retaining-wall,  and  it  will  appear  at  once  that  any  of  the  retaining- 
wall  reinforcements  described  on  p.  343  can  be  used  for  bridge  span- 
drel walls.  The  filling  between  spandrel  walls  may  be  sand,  gravel, 
earth,  cinders,  or  any  other  suitable  loose  material.  This  filling  is 
deposited  in  thin  layers  and  thoroughly  compacted  by  ramming  or 
rolling  or  by  flooding  it  in  with  water.  An  example  of  concrete  filling 
is  furnished  by  the  120- ft.  space  Melan  arch  built  over  the  Yellowstone 
River  in  the  Yellowstone  National  Park  in  1903.  The  filling  concrete 
was  composed  of  i  part  Portland  cement,  4  parts  sand  and  9  parts  un- 
washed gravel,  and  in  it  there  were  embedded  boulders  amounting  to 
about  20  per  cent,  of  the  total  volume.  The  spandrel  walls  were  com- 
posed of  a  1-2-4  broken-stone  concrete  and  were  a  corporate  part  of 
the  filling. 

HoUow  Spandrels  with  Cnrtain- walls. — For  spans  of  great  length  and 
rise  a  number  of  recent  designs  have  called  for  a  cellular  spandrel 
construction  enclosed  by  curtain-walls.  Notable  examples  of  these 
will  be  found  in  the  long-span  arches  described  on  p.  269.  In  all  of 
these  the  roadway  platform  is  carried  on  a  staging  of  braced  columns 
and  beams  which  is  enclosed  by  thin  curtain-walls  at  the  sides  of  the 
bridge.  A  study  of  the  drawings  will  make  clear  all  the  essential 
details  of  these  designs. 

Spandrel  Archea. — Spandrel  arches  combine  the  advantage  resulting 
from  a  reduction  of  the  load  on  the  main  arch  ring  and  the  founda- 
tions with  the  opportunity  to  introduce  architectural  effects  of  great 
beauty  when  well  handled.  Another  advantage  which  is  claimed  for 
the  spandrel-arch  construction  is  that  in  doing  away  with  long  and 
heavy  solid  spandrel  walls  much  of  the  trouble  with  temperature 
strains  is  obviated.  The  saving  in  weight  by  using  spandrel  arches 
instead  (A  solid-earth  fill  and  spandrel  walls  is  excellently  illustrated 
by  the  figures  g^ven  by  Mr.  H.  W.  Parkhurst,  M.  Am.  Soc.  C.  E..  for 
the  Big  Muddy  River  Bridge  on  the  Illinois  Central  R.  R.  Compara- 
tive calculations  of  weight  for  a  140- ft.  span  were  made  for  spandrel- 
arch  construction  and  solid-fill  construction,  with  the  following  results: 

Solid-filled  Spandrel. 

Main  arch,  1,396  cu.  yds.  at  2  tons : 2,792 

j                                           Parapet  and  coping,  404  cu.  yds.  at  2  tons 808 

Pier  complete,  including  old  masonry,  1,825  ^"-  V^^-  **  2 

tons 3.650 

Filling  and  ballast 1,600 

Total   8,850 
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Spandrel  Arches. 

Tons. 

Main  arch,  1,400  cu.  yds.  at  2  tons 2,800 

Spandrel  arches  and  copings,  600  cu.  yds.  at  2  tons 1,200 

Pier  complete,  1,555  cu.  yds.  at  2  tons 3,iio 

Ballast   525 

Surplus  weight  of  steel 25 

Total   7»66o 

The  spandrel-arch  construction  for  this  bridge  is  described  by 
Mr.  Parkhurst  as  follows: 

The  skeleton  of  the  spandrel  arches  is  a  complete  self-supporting 
and  internally  braced  structure.  It  consists  of  eleven  lines  of  longi- 
tudinal horizontal  steel  rails,  spaced  3  ft.  center  to  center,  tied  and 
also  braced  at  this  fixed  distance  by  rods  of  i  in.  diameter,  spaced 
about  18  ins.  center  to  center,  each  having  two  nuts  at  each  end  which 
are  screwed  up  tightly  against  the  webs  of  the  rails.  These  webs  are 
punched  with  i}4-in.  holes  at  intervals  of  3  ins.  for  their  whole  length, 
and  any  rod  will  fit  and  can  be  secured  in  any  hole.  The  rails  are 
joined  end  to  end  by  the  ordinary  splice-bars.  This  set  of  rails  is 
held  at  proper  elevation  by  vertical  posts  spaced  also  3  ft.  apart  trans- 
versely, and  at  proper  intervals  for  the  spans  of  the  arches.  Each 
post  is  connected  to  the  next  by  similar  i-in.  rods,  and  is  also  con- 
nected to  the  longitudinal  rail  above  it  by  adjustable  diagonals  which 
He  within  the  haunches  of  the  arches.  The  vertical  posts  rest  upon 
and  are  bolted  to  transverse  horizontal  rails  set  in  recesses  in  the  upper 
surface  of  the  main  rib  of  the  concrete  work.  All  rails  have  ij|-in. 
holes  punched  through  their  webs.  This  was  done  with  a  threefold 
purpose:  (i)  To  save  accurate  templet  work  in  laying  out  location 
of  holes  for  connections;  (2)  to  make  it  possible  to  add  other  con- 
necting ties  or  struts  or  to  make  changes;  and  (3),  in  the  writer's - 
opinion,  of  considerable  importance,  to  provide  for  bond  between  the 
steel  and  the  concrete,  the  mortar  of  the  latter  entering  and  extending 
through  these  holes  and  so  firmly  binding  both  together. 

The  steel  structure  was  erected,  adjusted,  and  lightly  bolted  together- 
by  ordinary  labor,  and  required  no  riveting  and  no  expert  assistance. 
Careful  records  show  that  large  portions  of  it  were  completed  at 
slightly  less  than  J^  ct.  per  lb.  The  self-supporting  character  of  this 
reinforcing  material  was  advantageous  in  several  ways:  (i)  A  level 
f?oor  could  easily  be  laid  on  the  top,  furnishing  a  very  satisfactory 
working  platform  for  making  concrete;  (2)  Narrow  runways  were 
laid  on  it  at  trifling  expense  and  used  with  confidence  by  the  workmen ; 
(3)  The  most  important  advantage  was  that  the  molds  for  the  con- 
crete could  be  wired  to  the  steelwork,  permitting  cheaper  construction 
in  a  part  of  the  work  where  the  quantity  of  concrete  was  small  in 
proportion  to  amount  of  lumber  needed  for  molds. 
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The  more  common  construction  is  to  reinforce  the  rings  only  of  the 
spandrel  arches.  In  the  Laibach  Bridge  described  on  p.  253  the  three 
spandrel  arches  over  each  haunch  have  solid  concrete  piers  and  rein- 
forced arch  rings ;  the  reinforcement  consists  of  4-in.  I  beams  curved 
and  spaced  3.3  ft.  apart  center  to  center. 

A  modification  of  spandrel-arch  construction  consists  in  replacing 
the  ring  by  rows  of  columns  and  the  intervening  arches  by  a  rectilinear 
platform.  The  Chatellerault  Bridge  described  on  p.  246  is  a  notable 
example  of  this  type  of  spandrel  construction. 

Ezpansion-joints. — Expansion-joints  to  provide  for  the  action  of 
temperature  strains  are  usually  constructed  in  the  spandrels  where 
they  meet  the  abutment  and  at  one  or  more  points  between  abut- 
ments and  crown.  These  joints  cut  the  spandrels  vertically  from 
parapet-wall  coping  to  the  arch  ring,  and  they  iare  sometimes  mere 
planes  of  weakness  in  the  concrete  and  sometimes  actual  joints  with 
a  compressible  filling.  Joints  of  the  first  kind  are  formed  by  ending 
one  section  of  wall  against  a  vertical  lagging  to  which  a  timber-strip 
is  attached  so  as  to  form  a  groove  usually  a  V  or  U  in  shape,  in  the 
finished  face.  The  concrete  having  hardened,  the  lagging  is  removed 
and  the  succeeding  section  of  wall  is  constructed  by  concreting  against 
the  grooved  face  of  the  preceding  section  without  the  usual  grout 
washing  or  other  provisions  for  bonding  old  and  new  concrete  work. 
This  construction  leaves  a  plane  of  weakness  at  which  it  is  assumed 
any  movement  or  rupture  produced  by  temperature  strains  will  occur. 
When  actual  separation  of  the  concrete  surfaces  is  desired  one  or 
more  layers  of  felt,  corrugated  paper,  or  other  partially  elastic  mate- 
rial may  be  pasted  against  the  face  of  the  first  section  and  the  concrete 
of  the  second  section  of  wall  deposited  against  this  cushion. 

Fig,  144  shows  the  method  of  providing  for  expansion  adopted  in 
building  a  Melan  arch  bridge  at  Washington,  D.  C.  Each  spandrel 
*  wall  was  provided  with  a  vertical  expansion- joint  over  each  springing- 
line  and  at  a  point  about  10  ft.  each  side  of  the  crown.  These  joints 
were  tongue-and-groove  joints  as  indicated.  In  addition  the  sections 
of  the  wall  between  expansion -joints  were  reinforced  against  tem- 
perature strains  and  given  lateral  stiffness  by  means  of  the  coupled 
bar-stiflFeners  illustrated. 

In  constructing  the  Big  Muddy  River  bridge  for  the  Illinois  Central 
R.  R.,  Mr.  H.  W.  Parkhurst,  M.  Am.  Soc.  C.  E.,  introduced  an 
unusually  elaborate  system  of  expansion- joints  which  are  described 
by  him  as  follows: 

The  piers  and  abutments  were  carried  up  above  the  springing-line 
of  the  arches,  and  the  voussoirs  numbered.    Nos.  i  and  i  were  built 
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as  a  portion  of  the  pier  or  abutment.  Then  (the  centering  and  molds 
being  completed)  the  several  voussoirs  were  built  in  the  order  in  which 
they  are  numbered  on  the  plan,  voussoirs  numbered  2  being  located 
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Fig.   144. — Expansion-joint  and   Spandrel- wall   StiflFener,   Rock  Creek 
Bridge,  Washingfton,  D.  C. 

fourth  in  order  from  No.  i.  Those  numbered  3  being  separated  from 
those  numbered  2  by  three  other  sections;  those  numbered  4  being 
half-way  between  i  and  2,  and  so  on,  as  shown  in  Fig.  145.  The  suc- 
cession was  so  arranged  as  to  keep  a  symmetrical  and  as  nearly  as 
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Fig.  145. — Section  of  Big  Muddy  Bridge,  showing  Segments  of  Arch  Ring. 


possible  uniformly  distributed  load  on  the  centering,  and  the  number 
of  voussoirs  was  planned  so  that  at  a  certain  stage  of  the  work  the 
arch  would  have  alternate  blocks  completed,  the  keystone  being  one 
of  the  unfinished  blocks. 

The  remaining  blocks  were  then  filled  in,  working  toward  the 
center,  and  the  keystone  being  the  last  built.  Each  voussoir  keys 
into  the  next  by  two  projections  on  each  side  made  by  recesses  built 
into  the  block  first  completed.  This  was  done  by  securing  planks 
of  proper  size  on  the  face  of  the  form  dividing  the  mold  into  voussoirs. 
The  blocks  numbered  4  were  held  in  place  to  prevent  slipping  imtil 
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the  blocks  numbered  6  were  built.  No  other  blocks  had  any  tendency 
toward  movement.  The  face-joints  between  voussoirs  were  made  by 
securing  strips  of  wood  of  triangular  section  to  the  molds,  a  sharp 
right-angled  edge  adjacent  to  a  thin  joint  being  avoided  on  account 
of  the  possibility  of  flaking  or  crackmg  off,  should  there  be  a  vtry 
heavy  strain  on  the  extreme  outer  layer  of  concrete.  The  real  joints 
are  about  8  ft.  apart,  and  intermediate  false  joints  of  similar  style  were 
made  on  the  exterior  faces  of  each  voussoir.  All  the  radial  joints 
extend  across  the  molding  with  which  the  top  of  the  main  arched  rib 
is  finished,  and  corresponding  joints  extend  across  the  soffit  from  face 
to  face  of  arch. 

Additional  provisions  for  exnansion  are  made  in  the  construction 
of  the  transverse  spandrel  arches,  in  the  connections  of  the  longitu- 
dinal rails  by  splices  having  more  motion,  but  specially  by  the  sliding 
arches  and  expansion-joints  at  each  pier  and  abutment. 

Assuming  that  the  piers  and  abutments  are  fixed  and  that  the 
arches  must  expand,  a  joint  is  made  at  each  end  of  each  arch,  at  its 
juncture  with  the  adjacent  immovable  portion  of  the  structure.  There 
are  six  expansion-joints   (Fig.   146),  essentially  alike.     They  are  in- 
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Fig.   146. — Expansion  Joint, 
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Siielinef     Joint: 
Big  Muddy  Bridge. 


tended  to  provide  expansion  or  freedom  of  motion  for  that  portion 
of  the  structure  on  which  the  moving  load  brings  its  immediate  effect. 
It  will  be  noted  that  the  character  of  this  portion  of  the  structure 
differs  materially  from  that  of  the  lower  portion  of  the  bridge.  In  the 
latter  everything  is  massive  and  as  nearly  immovable  as  possible;  in 
the  former,  by  the  combination  of  steel  and  concrete,  an  amount  of 
elasticity  is  imparted  to  the  structure  which  is  designed  to  insure  its 
durability  under  any  and  all  conditions  of  exposure  and  service.  The 
steel  and  concrete  are  proportioned  to  allow  for  the  maximum  range 
of  expansion  due  to  changes  of  temperature,  also  to  absorb  possible 
shocks  due  to  derailments  or  to  the  sudden  setting  of  brakes  on  swiftly 
moving  trains,  and  other  similar  conditions. 

The  section  of  concrete  in  the  crown  of  the  small  transverse  arches 
is  purposely  made  a  minimum,  to  provide  for  elastic  expansion  at  this 
point.  In  addition  to  this,  however,  at  each  of  the  expansion-joints 
referred  to  above,  suflicient  provision  is  made  to  cover  any  possible 
range  of  contraction  and  elongation  due  to  changes  in  temperature  for 
each  arch.  This  expansion-joint  extends  from  the  haunch  of  the 
main  rib  to  the  level  of  the  track,  and  is  concealed  and  protected  by 


BRIDGE  AND  CULVERT  CONSTRUCTION.  289 

the  projection  of  the  pier  or  abutment,  where  the  spandrel  arches 
recess  into  the  same.  There  are  two  surfaces  to  this  expansion- joint, 
one  surface  being  in  a  longitudinal  plane  with  the  extension  of  the 
face  of  the  arch,  and  the  other  at  right  angles  to  it. 

The  longitudinal  surfaces  both  of  pier  and  arch  work  are  covered 
with  heavy  asbestos  board,  thus  securing  a  sliding  surface.  The 
transverse  joint  is  filled  with  several  thicknesses  of  corrugated  asbestos 
board,  so  that  under  pressure  it  could  close,  and  when  the  pressure  is 
relaxed  could  expand  again,  preventing  entrance  of  foreign  material 
into  the  joint.  To  assist  in  protecting  this  joint,  the  top  is  covered 
with  a  lead  plate,  which  is  folded  into  the  joint,  and  filled  with  pitch 
or  asphaltic  cement  as  shown  in  the  plans. 

These  expansion- joints  are  constructed  one  at  each  abutment,  and 
two  at  each  pier ;  the  last  spandrel  arch  at  each  end  of  each  main  arch 
can  move  slightly  in  a  longitudinal  direction  at  the  piers  or  abutments. 
This  movement  is  further  provided  for  in  the  construction  of  the  slid- 
ing blind  arches  built  into  each  pier  and  abutment,  which  are  fitted 
with  sliding  bearings,  and  with  an  expansion- joint  similarly  packed 
with  corrugated  asbestos  board,  which  joint  extends  across  the  whole 
width  of  the  bridge  floor,  from  coping  to  coping.  This  makes  a  sec- 
tion of  floor  approximating  15  ft.  long  and  the  width  of  both  tracks, 
which  is  separated  by  a  longitudinal  sliding  joint,  lined  with  asbestos 
board,  between  the  fixed,  portions  of  pier  and  abutment  copings,  etc., 
and  the  central  section  of  floor.  The  skeleton  steelwork  in  the  floor  is, 
however,  made  continuous  across  these  sliding  joints,  and  at  the  same 
time  allowed  to  move  longitudinally  by  incasing  the  transverse  tie-rods 
with  pipe  which  is  buried  in  the  concrete  of  the  floor,  thus  permitting 
sufficient  longitudinal  movement  for  expansion  or  contraction.  The 
skeleton  ironwork  thus  ties  together  the  ends  of  piers,  and  holds  them 
at  the  proper  distance  apart. 

Having  provided  expansion- joints  not  only  on  this  bridge,  but  on 
several  other  structures,  it. may  be  interesting  to  state  that  careful 
observations  up  to  date  indicate  but  very  slight  movement.  On  this 
bridge,  brass  expansion-gages,  each  made  in  two  parts,  and  graduated 
to  read  by  means  of  verniers  to  thousandths  of  a  foot,  were  set  in  the 
copings  across  each  expansion-joint,  and  careful  readings  of  these 
gages  were  taken  up  to  the  completion  of  the  work.  The  longest 
series  covers  four  months  from  January  20  to  May  23,  1903,  and  was 
for  the  west  side  of  the  north  span,  this  having  been  completed,  and 
the  opening  laid  first.  The  results  of  these  readings  show  an  extreme 
movement  of  0.012  ft,  of  which  0.007  ft.  was  observed  at  the  north 
end  and  o.v>05  ft.  at  the  south  end  of  span. 

The  maximum  temperature  of  each  day  was  noted,  and  the  gage 
read  simultaneously.  It  is  evident  that  no  accurate  method  of  arriving 
at  the  average  temperature  of  the  whole  mass  of  the  structure  could  be 
devised,  and  that  only  general  deductions  might  be  made  from  such 
incomplete  data.  The  record  of  gage  observations  does  not  indicate 
that  concrete  is  extremely  sensitive  to  heat  and  cold.  While  some 
irregularities  of  movement  were  noted,  the  gage  readings  showed  con- 
tractions in  cold  and  expansion  in  warm  weather  up  to  the  limits,  as 
above  stated,  of  0.012  ft.  for  140  ft.  span  from  temperature  in  January 
to  that  of  May. 
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The  procedure  here  described  of  providing  planes  of  weakness  Vft 
the  arch  ring  is  unusual  in  reinforced  arch  rings.    The  almost  univer- 
sal practice  is  to  construct  the  arch  ring  as  a  single  homogeneous 
monolith  so  far  as  is  practicable,  every  effort  being  made  to  prevent 
planes  of  weakness  in  any  portion. 

In  a  number  of  instances  the  expedient  has  been  adopted  of  omit- 
ting expansion-joints  and  resorting  to  a  strong  reinforcement  ta  resist 
temperature  strains  and  prevent  cracks  at  the  critical  points.  A.  not- 
able example  of  such  practice  is  furnished  by  the  120-ft.  Melan  a^rch 
built  in  the  Yellowstone  National  Park  in  1903.  This  bridge  Ha^l  * 
spandrel  filling  of  meagre  concrete  built  up  in  one  piece  witH  t^^ 
spandrel  walls,  and  it  was  decided  to  make  the  structure  act  3.S  one 
solid  mass  without  any  provision  for  expansion  or  contraction-  -^^ 
the  greatest  strain  tending  to  crack  the  concrete  would  come  ovcf  the 
springing-lines  where  the  arch  proper  joins  the  approaches,  it:  was 
decided  to  embed  steel  rods  in  the  concrete  about  2  ft.  below  tHe  top 
and  extending  parallel  to  the  bridge  axis  from  the  ends  of  the  al>*^t- 
ments  to  near  the  crown  of  the  bridge.  It  is  stated  by  the  engT^^^*" 
that  very  slight  cracks  have  appeared  over  the  spring-line  on.  l>otn 
ends  of  the  bridge,  showing  that  the  precautions  taken  to  prevent  tri^^'^ 
were  not  entirely  sufficient.  The  only  possible  ill  effect  that  can  <^^^^ 
from  these  cracks  will  be  due  to  the  infiltration  of  water,  and  car^  ^"^^ 
be  taken  to  prevent  this.  , 

Waterproofing. — To  facilitate  drainage  and  to  exclude  accumiJ^^ 
water  from  penetrating  the  arch  ring  the  top  of  the  arch  and 
lower  portions  of  the  spandrel  walls  are  waterproofed.     Freqt*^^      r 
this  waterproofing  consists  of  nothing  more  than  a  plaster  ccp^^ 
cement  and  sand  mortar  to  smooth  the  surface,  but  in  many  c*^^    - 


special  waterproof  material  is  used  in  addition  to  or  in  place  o  ^ 


ti^lt 


plastering.    The  most  used  waterproofing  has  been  a  layer  of  a'^f^        ^^ 
made  by  mopping  hot  asphalt  into  the  concrete  until  a  coat  from    ^    ^     is 
Yi  in.  thick  is  formed.     The  objection  urged  against  this  materi^'      ^^ 
that  asphalt  exposed  to  the  action  of  water  has  but  a  limited  li  ^     ^^nt 
the  best,  and  when  located  under  a  spandrel  filling  and  a  pavc^^'*^     ^^| 
which  must  be  removed  to  make  repairs  no  material  can  be  consici^^^^ 
as  satisfactory  which  has  a  life  of  not  more  than  ten  years  i>^^        ^ 
ordinary  conditions.     The  waterproofing  which  has  been  used    ^-^--:;-^- 
number  of  recent  concrete-steel  bridges  designed  by  the  Osbom       ^^ c>i 
gineering  Company  of  Cleveland,  Ohio,  consists  of  a  i-in.  coatir»^_^jj 
I  Portland  cement  to  2  sand  mortar  applied  to  the  back  of  the    ^       jg 
after  the  work  is  completed.  The  opinion  of  the  users  is  that  tl»^^-^^ 
the  most  satisfactory  waterproofing  so  far  used  by  them.    The  pra^^*^       £ 
of  Mr.  Edwin  Thacher,  M.  Am.  Soc.  C.  E.,  is  to  plaster  the  insicJ^ 
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the  spandrel  walls  with  a  i  to  2}^  sand  mortar.  The  back  of  the  arch 
and  the  lower  6  ins.  in  height  of  the  spandrel  walls  are  then  coated 
with  a  coat  of  semi-liquid  mortar  consisting  of  i  part  Portland  cement, 
J4  part  thoroughly  slacked  lime,  and  3  parts  sand  spread  to  leave  a 
smooth  finish.  After  this  plaster  has  set  it  is  given  a  heavy  coat  of 
pure  cement  grout.  Several  of  the  methods  for  waterproofing  tanks 
described  on  p.  325  are  capable  of  being  employed  for  arch  bridges, 
but  they  have  not  been  frequently  used  for  this  purpose. 

Drainage. — The  drainage  of  concrete-steel  arch  bridges  of  more 
than  one  span  is  accomplished  exactly  as  in  masonry  arches.  The 
usual  construction  is  to  build  into  the  concrete  a  wrought-iron  pipe 
reaching  diagonally  from  the  center  of  the  space  over  the  pier  to  the 
soffits  of  the  arch  through  which  it  projects  about  an  inch.  The  sur- 
face of  the  pier  top  is  dished  toward  the  upper  end  of  the  pipe,  which 
is  covered  with  wire  netting  to  exclude  coarse  material,  and  a  bed  of 
broken  stone  is  laid  over  all  to  receive  the  earth-fill. 

Parapet  Walls. — Parapet  walls  when  built  of  concrete  are  some- 
times molded  in  place  and  sometimes  built  of  blocks  previously  cast, 
which  are  laid  up  exactly  as  cut  stone  would  be  laid.  When  molded 
in  place  the  wall  is  commonly  reinforced.  This  reinforcement  is 
generally  very  simple,  consisting  of  a  channel  or  other  shape  length- 
wise of  the  coping  and  verticals,  reaching  downward  from  it  through 
the  wall.  In  most  cases,  however,  no  reinforcement  is  employed,  the 
wall  being  molded  in  sections  with  expansion-joints  between  them. 
These  joints  are  placed  as  frequently  as  10  ft.  by  some  engineers. 
The  drawings  of  Fig.  T15  show  a  novel  form  of  parapet-wall  construc- 
tion in  which  the  cornice  is  built  up  of  cast  blocks  and  the  parapet 
wall  was  molded  in  place.  The  method  of  anchoring  the  several  parts 
together  is  particularly  noticeable. 


CHAPTER   IX.— EXAMPLES   OF    REINFORCED-CONCRETE 
CONDUIT  CONSTRUCTION. 

Reinforced  concrete  is  employed  in  conduit  construction  in  two 
forms.  The  most  common  construction  is  concrete  molded  in  place 
on  suitable  centers,  and  this  is  practically  the  only  construction  em- 
ployed in  the  United  States.  In  Europe  reinforced  concrete  pipe 
molded  in  sections,  which  are  jointed  and  laid  like  vitrified  sewer-pipe, 
is  largely  employed  for  conduits  of  medium  and  small  diameter.  Sev- 
eral exan^ples  of  this  cast-pipe  construction  are  given  in  the  following 
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paragraphs,  but  the  greater  space  is  devoted  to  examples  of  conduits 
molded  in  place.  Some  of  these  are  notable  in  both  size  and  the  im- 
portance of  the  service  to  which  they  are  put,  and  afford  a  striking 
indication  of  the  confidence  which  engineers  are  coming  to  have  in 
the  strength  and  durability  of  concrete-steel  under  what  are  ordinarily 
considered  to  be  rather  trying  conditions. 


Aqueducts. 

Simploa  Tniuiel-works,  Switserland. — To  carry  water  from  the  River 
Rhone  to  the  power  plant  of  the  S4mplon  tunnel-works  at  Brieg, 
Switzerland,  a  conduit  consisting  for  part  of  its  length  of  a  concrete- 
steel  flume  and  for  the  remainder  of  its  length  of  a  cylindrical  steel 
penstock  was  employed.  The  concrete-steel  flume  was  rectangular 
and  1.9X1-9  ^'  (6.23X6.23  ft.)  in  section  and  was  2  kilometers  (1.86 
miles)  long,  with  a  grade  of  1.2  meters  per  kilometer.     Fig.  147  is  a 


Fig.   147. — Rectangular  Conduit  for  Simplon  Tunnel  Works. 


transverse  and  part  longitudinal  section  of  the  flume,  and  shows  clearly 
the  arrangement  of  the  reinforcement  and  of  the  concrete  walls.  The 
roof  of  the  conduit  was  designed  to  carry  a  superimposed  load  of  800 
kgs.  per  square  meter  (164  lbs.  per  sq.  ft.)  and  an  internal  upward 
pressure  of  300  kgs.  per  square  meter  (61.5  lbs.  per  sq.  ft).  The 
flume  is  supported  on  piers  of  masonry  or  bents  of  concrete-steel 
spaced  5  m.  (16.4  ft.)  apart.  To  provide  for  expansion  and  contrac- 
tion during  construction  open  joints  were  left  over  the  piers;  these 
were  filled  before  turning  the  water  into  the  flume.  With  the  water 
in  the  flume  there  is  very  little  expansion  or  contraction  of  the  struc- 
ture. The  few  leaks  from  percolation  were  soon  closed  by  the  lime  in 
the  water.  The  cost  of  the  flume  was  100  francs  per  lineal  meter,  or 
only  about  10  per  cent,  more  than  the  estimated  cost  of  a  wooden 
flume  of  the  same  dimensions. 

Weston  Aqueduct,  Boston,  Mass. — In  constructing  the  large  Weston 
aqueduct  for  the  water-supply  of  Boston,  Mass.,  use  was  made  of 
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concrete-steel  construction  in  carrying  the  structure  under  the  tracks 
of  the  New  York,  New  Haven  &  Hartford  R.  R.  The  normal  poly- 
centric  section  9J4  ft.  high  and  10  ft.  wide  was  flattened  as  shown  by 
Fig.  148,  and  throughout  this  flattened  section  a  roof  reinforcement 
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Fig.  148. —  Section  of  Weston  Aqueduct,  Boston  Water  Supply. 

of  curved  I  beams  was  used.  These  I  beams  were  spaced  36  ins. 
apart.  To  prevent  leakage  through  the  cracks  sometimes  occurring  in 
the  joint  between  two  days'  work,  use  was  made  throughout  this  aque- 
duct of  the  lead  water-stop  shown  by  Fig.  149.  The  expectation  is  that 
the  hinge  in  the  lead  will  withstand  any  slight  movement  which  may 
accompany  cracking  at  joints  and  still  prevent  the  passage  of  water 
through  the  crack. 
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Fig.  149. — Detail  of  Water-stop 
at  Junction  of  two  Sections  of 
Weston  Aqueduct. 
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Fig.  150.— Single  Conduit,  Cedar 
Grove  Reservoir,  Newark,  N.  J. 


Cedar  Grove  Reaervoir  Conduit,  Newark,  N.  J. — About  7,000  ft.  of  5-ft. 
reinforced-concrete  conduit  was  employed  in  constructing  the  Cedar 
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Grove  reservoir  for  the  Newark,  N.  J.,  water-works.  One  line,  a 
single  conduit  4,000  ft.  long,  extended  from  a  point  near  the  regulating 
inlet  gate  chamber  at  the  north  end  of  the  reservoir  to  the  inlet  stand- 
pipe  at  the  south  end;  another  line,  a  double  conduit  1,500  ft.  long^ 
extended  from  the  outlet  gate  chamber  to  the  outlet  channel.  Fig  150- 
is  a  cross-section  of  the  single  conduit  and  Fig.  151  is  a  cross-section 
of  the  double  conduit.  The  reinforcement  consists  of  a  circumferen- 
tial ring  of  expanded  metal  of  No.  10  gage  and  3  in.  mesh  with  lapped 
joints.  The  concrete  is  composed  of  i  part  cement,  2  parts  sand,  and 
5  parts  iJ/^-in.  broken  stone. 

These  conduits  were  constructed  of  concrete-steel  after  carefully 
comparing  its  cost  and  advantages  with  those  of  cast-iron  pipe.  In 
respect  to  cost  the  comparison  worked  out  as  follows :  For  the  double 


Section      of     Double     Conduit. 
Fig.  151. — Double  Conduit,  Cedar  Grove  Reservoir,  Newark,  N.  J. 

conduit  there  were  required  1.5  cu.  yds.  of  concrete  and  48  sq.  ft  of 
expanded  metal  per  lineal  foot,  and  for  single  conduit  0.75  cu.  yd.  of 
concrete  and  26  sq.  ft.  of  expanded  metal  per  lineal  foot.  With  con- 
crete costing  $6.20  per  cubic  yard,  and  expanded  metal  costing  5  cents 
per  square  foot,  these  quantities  gave  the  cost  of  double  conduit  as 
$11.75  ^"d  ^^^  cost  of  single  conduit  as  $5.95  per  lineal  foot.  For 
single  conduit  the  cost  g^ven  is  about  one-half  the  cost  of  5-ft.  cast- 
iron  pipe,  when  the  cost  of  anchoring  the  latter  to  prevent  it  from 
floating  when  empty  is  added.  The  concrete-steel  pipe  had  enough 
weight  to  make  anchoring  unnecessary.  As  the  conduit  was  within 
the  reservoir,  it  was  considered  that  any  leakage  which  the  concrete 
would  allow  would  not  be  objectionable.  In  this  connection  it  may 
be  noted  that  the  conduits  will  be  under  50  ft.  head  of  water,  part  of 
the  time  on  the  inside  and  part  of  the  time  on  the  outside.  The  inside 
pressure,  however,  will  be  applied  only  for  short  intervals,  at  times 
when  the  reservoir  may  be  empty. 

Philadelphia  Filter-conduits. — A  cross-section  of  the  supply-conduit 
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which  conducts  the  filtered  water  to  the  clear-water  basin  at  the 
Torresdale  filter  plant  of  the  Philadelphia,  Pa.,  water-works  is  shown 
on  page  440.  This  conduit  is  2,200  ft.  long  and  is  progressively  7.5  ft., 
9  ft.,  and  10  ft.  in  height.  The  discharge-conduit  which  conveys  the 
water  from  the  clear-water  basin  to  the  tunnel  conduit  leading  to  the 
pumping  station  is  850  ft.  long  and  10  ft.  high.  A  by-pass  conduit 
8  ft.  high  and  800  ft.  long  connects  the  supply-  and  discharge-conduits. 
All  these  conduits  are  of  reinforced  concrete  of  the  general  form 
shown  on  page  440,  and  all  will  carry  water  under  a  pressure  of  20  ft. 
head:  The  reinforcement  of  each  conduit  consists  of  expanded  metal  of 
sufficient  section  to  carry  all  tensile  strains  in  the  shell  due  to  water 
pressure.  It  was  found  possible  to  meet  this  requirement  by  using 
either  two  layers  of  No.  4  gage  6-in.  mesh  or  one  layer  of  No.  4  cut 
double  width  with  6-in.  mesh.  Preference  was  given  to  the  one  layer 
of  metal,  and  this  size  was  used  for  the  discharge-conduit.  It  was 
found  necessary,  however,  to  use  two  layers  of  the  standard  No.  4 
gage  6-in.  mesh  in  the  supply-conduit,  the  two  layers  being  wired 
together  and  put  in  as  one.  The  metal  was  located  as  is  shown  on 
page  440  with  6-in.  laps.  The  concrete  was  composed  of  i  part  cement, 
3  parts  sand,  and  5  parts  ^-in.  broken  stone  for  the  body  of  the  shell 
and  of  I  part  cement,  i  part  sand  and  i  part  granolithic  grit  for  i  in. 
deep  on  the  inside. 

Water-works  Conduit,  Bone,  Algeria. — An  example  of  the  use  of  rein- 
forced-concrete  conduit  molded  in  sections  and  subsequently  laid  is 
furnished  by  the  aqueduct  built  in  1893  to  supply  the  city  of  Bone, 
Algeria,  with  water.  This  aqueduct  is  about  22  miles  long  and  about 
2  ft.  in  diameter,  and  is  of  the  so-called  sidero-cement  construction  in- 
vented by  the  French  engineer  Bordenave.    Fig.  152  shows  the  form  of 


iiiiiiriii 


;^_ 

k"-  — 


./^-. 


■-1 


i*i«iwiBiaiijiiiiiiiiriif  1 1 

fiviiHiiitiiiiiiiiiiniiiiii 
BaziiiBiiaiiiiTitiiinii  Miji 

«BiBiaiBiawniiiii|iiiiili 


■fcMTt-!M-fcJ^^ 


Fig.  152. — Reinforcement  for  Bordenave  Cast  Pipe. 


reinforcement  employed  by  this  engineer.  It  consists  of  T  bars  wound 
in  helical  form  around  longitudinal  parallel  bars  of  the  same  section, 
the  two  sets  of  bars  being  connected  at  intersections  by  wire  ties.    This 
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reinforcement  is  embedded  in  a  Portland-cement  and  sand  mortar. 
The  practice  is  to  manufacture  this  conduit  in  convenient  lengths 
which  are  set  end  to  end  in  constructing  the  aqueduct  or  sewer.  Tbe 
couplings  between  adjacent  lengths  of  pipe  are  formed  by  means  of 
collars,  of  exactly  the  same  construction  as  the  pipe,  which  are  slipped 
over  the  adjoining  ends  and  fastened  by  filling  the  annular  space  be- 
tween collar  and  pipe  with  mortar.  At  Bone  the  pipe  used  had  an 
interior  diameter  of  0.6  m.  (1.96  ft.)  and  was  designed  for  heads  of 
from  8.5  m.  (27.9  ft.)  to  24  m.  (78.7  ft.).  The  rein  forcing-bars  were 
12X5  mm.  (0.47X0.2  in.)Xi4  nim.  (0.05  in.)  thick.  For  pressures 
of  15  m.  (49  ft.)  head  the  circumferential. bars  were  spaced  81.6  mm. 
(3.2  ins.)  apart  and  the  pipe  was  40  mm.  (1.58  ins.)  thick,  and  for  a 
head  of  25  m.  (82  ft.)  the  circumferential  bars  were  spaced  48.6  mm. 
(1.91  ins.)  apart  and  the  pipe  was  45  mm.  (1.77  ins.)  thick.  The 
longitudinal  bars  were  spaced  83.5  mm.  (3.29  ft.)  apart  circumferen- 
tially  of  the  pipe. 

Water-workt  Conduit,  Jeney  City,  N.  J. — The  most  notable  example 
of  reinforced-concrete  aqueduct  work  in  the  United  States  is  doubt- 
less the  Syi'it.  aqueduct  built  for  the  new  water-supply  for  Jersey 
City,  N.  J.,  in  1903.  There  are  between  three  and  four  miles  of  this 
conduit,  of  the  form  and  construction  shown  by  Fig.  153.  As  will  be 
observed,  there  are  heavy  and  light  sections  for  stiff  earth  and  rock, 
a  soft-earth  section  and  a  section  for  embankment.  The  reinforce- 
ment for  all  of  these  sections  consists  of  twisted  square  steel  bars;  cir- 
cumferential bars  }i  in.  square  spaced  12  ins.  apart,  and  longitudinal 
bars  J4  in-  square  spaced  2  ft.  apart.  All  bars  are  wired  together 
at  intersections  and  are  spliced  by  i-ft.  laps  wound  with  wire.  Only 
about  826  ft.  of  conduit  of  the  heavy  rock  section  were  built  where 
the  cover  was  about  15  ft.,  and  there  were  only  about  420  ft.  of  the 
embankment  section.  The  section  for  soft  earth  was  used  in  lengths 
of  a  few  feet  in  a  number  of  places  where  the  bottom  of  the  trench 
was  soft  earth.  The  concrete  used  was  composed  of  i  part  cement 
and  7  parts  sand  and  broken  stone  of  2  in.  maximum  size.  The  stone 
was  broken  trap-rock  and  the  run  of  the  crusher  was  employed. 

Sewers. 

Drainage  Canals,  New  Orleans,  La. — In  constructing  the  drainage 
works  for  New  Orleans,  La.,  extensive  use  was  made  of  reinforced 
concrete  for  roofing  the  canals.  These  canals  vary  in  size,  but  the 
general  construction  of  all  is  the  same  and  consists  of  a  concrete 
base  and  invert,  brickwork  side  walls,  and  a  fiat-plate  concrete  roof 
reinforced  with  corrugated  bars.     Fig.  154  is  a  transverse  section  of 
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Fig.  153. — Sections  of  Water-supply  Conduit  for  Jersey  City,  N.  J. 
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Fig.  154. — Section  of  Drainage  Canal  at  New  Orleans,  La. 
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one  of  the  larger  canals  and  shows  the  general  construction  clearly. 
The  roof  or  cover  construction  of  concrete  steel  is  the  feature  of  prin- 
cipal interest  in  the  present  place.  These  roofs  are  flat  plates  of  con- 
crete composed  of  i  part  cement  and  3  or  5  parts  gravel,  and  rein- 
forced by  >4-in.  corrugated  bars  set  i  in.  from  the  bottom  and  spaced 
from  4  ins.  apart  for  the  13- ft.  spans  to  10  ins.  apart  for  the  5-ft 
spans.  The  following  statement  shows  the  thickness  of  plate  used 
for  the  various  spans: 


Span. 
Feet. 

Plate. 
Inches. 

Span, 
Feet. 

Plate,. 
Inches. 

5 
6 

7 
8 

li 
5.85        1            9 

6. 58      ;      10 

7.26                       12 

7.92     !       13 

8.59 
9.23 
10.61 
11.23 

These  covers  withstood  the  following  tests  after  twenty-eight  days: 
Weights  of  [io,ooo+(span  in  feet  X^^oo)]  pounds  placed  along  the 
longitudinal  axis  on  6X6-in.  supports  spaced  6  ft.  apart. 

Intercepting-sewer,  Hjurisbttrg,  Pa. —  Fig.  155  is  a  transverse  section 
of  an  intercepting-sewer  constructed  at  Harrisburg,  Pa.,  in  1902. 
There  were  6.780  ft.  of  this  5-ft.  sewer  and  7,635  ft,  of  4-ft.  sewer  of 
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Fig.    155. — Section  of  Intercepting  Sewer  at  Harrisburg,  Pa. 

exactly  the  same  form  of  section.  This  section  has  a  parabolic  roof 
and  an  invert  composed  of  a  circular  curve  and  two  tangents.  The 
dimensions  of  the  invert  and  roof  for  the  5-tt.  sewer  are  shown  by  the 
illustrations.  The  4-ft.  sewer  has  the  same  thickness  of  roof  and 
invert,  but  the  main  dimensions  are  of  course  smaller.  In  the  invert 
the  thickness  of  the  concrete  varies  from  5  ins.  at  the  center  to  6  \^ 
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at  the  sides,  and  in  the  roof  it  varies  from  5  ins.  at  the  crown  to  9  ins. 
at  the  base.  This  thickness  of  the  walls  being  sufficient  to  support 
the  vertical  loads  coming  upon  the  sewer,  it  was  not  deemed  essential 
to  locate  the  reinforcement  along  the  lines  of  greatest  tension.  The 
reinforcement  used  was  expanded  metal  and  was  arranged  as  is  clearly 
shown  by  the  drawing.  The  concrete  was  composed  of  i  part  cement, 
2>1  parts  sand,  and  4>4  parts  gravel  or  broken  stone  of  ij4-in.  size. 

Sewer  System,  Lancaster,  Pa. — The  drawings  of  Figs.  isS-a-b-c, 
show  the  cross-sections  of  the  reinforced-concrete  sewers  designed  for 
the  city  of  Lancaster,  Pa.,  by  Mr.  Samuel  M.  Gray,  M.  Am.  Soc. 
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Fig.  156. — Sections  of  Various  Forms  of  Sewers  at  Lancaster,  Pa. 

C.  E.  Comparative  designs  were  made  for  brick  sewers  and  for  con- 
crete-steel sewers,  with  the  result  that  the  latter  proved  to  be  the 
cheaper.  It  was  also  found  that  the  smaller  friction  on  the  concrete 
surface  as  compared  with  the  brick  enabled  them  to  be  designed  2  ins. 
smaller  in  diameter  than  brick  sewers  of  the  same  capacity.  The 
drawings  are  largely  self-explanatory.  Fig.  156-a  shows  a  horseshoe 
sewer  of  large  size ;  a  brick  sewer  of  the  same  form  and  capacity  had 
a  sectional  area  of  65.24  square  feet,  and  called  for  27.6  cubic  feet  of 
brickwork  and  22.08  cubic  feet  of  concrete  per  lineal  foot.  A  smaller 
horseshoe  section  showed  the  following  comparison  between  brick 
and  concrete: 


Item. 

Brick. 

Concrete. 

Sectional  area,  square  feet. 
Brickwork,  cu.  ft.  per  ft. . . 
Concrete,  cu.  ft.  per  ft 

50.4 

24.68 

18.52 

49.06 

2.0 

23.1 

Fig.  156-C  shows  a  section  of  semi-circular  concrete-steel  sewer;'  a 
brick  sewer  of  the  same  form  and  capacity  had  a  sectional  area  of 
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70.84  square  feet,  with  33.12  cubic  feet  of  brickwork  and  13.08  cubic 
feet  of  concrete  per  lineal  foot.  Fig.  156-6  shows  a  circular  concrete- 
steel  sewer  7  ft.  4  ins.  inside  diameter ;  a  brick  sewer  of  the  same  form 
and  capacity  had  a  diameter  of  7  ft.  6  ins.,  a  sectional  area  of  31.17 
square  feet,  with  15.23  cubic  feet  of  brickwork  and  14.08  cubic  feet  of 
concrete  per  lineal  foot  of  sewer. 

Pare  Agricole  d'Acheres,  Paris,  France. — In  1892-3  about  20  miles  of 
concrete-steel  pipe  subway  and  circular  sewers  were  constructed  to 
distribute  sewage  to  the  Pare  Agricole  d'Achcres  at  Paris.  This  is 
perhaps  the  most  extensive  single  application  of  concrete-steel  sewer 
construction  ever  made.  For  the  present  purpose  this  conduit  will  be 
divided  into  two  items:  first,  an  elliptical  pipe  gallery  and  a  3-metcr 
circular  sewer  of  Monier  construction,  and,  second,  a  1.8-meter  circular 
sewer  and  numerous  distributing-pipes  of  smaller  diameter  of  Bonna 
construction. 

Pipe  Gallery. — Fig.  157  is  a  transverse  section  of  the  pipe  gallery, 


Agricole  d'Acheres,   Paris. 


which  is  ^,351  m.  (7,713  ft.)  long  and  carries  two  lines  olf  sewers,  one 
of  which  is  the  i.8-m.  (5.9-ft.)  sewer  of  Bonna  construction.  As  will 
be  seen  from  the  drawing,  the  bottom  of  the  gallery  is  a  thick  layer  of 
unrein  forced  concrete,  and  the  sides  and  <op  are  of  concrete-steel. 
The  reinforcement  consists  of  a  Monier  network  of  round  bars  with  a 
mesh  of  o.ii  m.  (4.33  ins.).     The  curved  members  of  the  reinforce- 
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ment  are  each  a  single  bar  without  splices,  the  feet  of  which  rest  on 
channels.  The  longitudinal  bars  are  placed  inside  the  curved  bars 
from  their  bottoms  to  i  m.  (3.28  ft.)  above  the  springing-lines,  and 
outside  of  them  for  the  remainder  of  the  arc.  The  aggregate  section 
of  the  curved  bars  at  the  crown  is  2  per  cent,  of  the  total  section.  The 
concrete  of  the  arch  is  composed  of  Portland  cement  and  sand  in  the 
proportion  of  450  kilogrammes  of  cement  to  i  cubic  meter  of  sand; 
the  arch  plate  is  8  cm.  (3.15  ins.)  thick  and  is  lined  with  a  i-cm. 
(0.4-in.)  coat  of  Vassy-cement  mortar  on  the  crown  and  of  Portland- 
cement  mortar  on  the  sides.  The  interior  dimensions  of  the  gallery 
are  5.16X3-31  ni.  (15.98X10-85  ft.)  and  it  cost  372  francs  per  meter, 
or  about  $22  per  lineal  foot. 

Fig.   158  shows  the  construction  of  the  3-m.    (9.84- ft.)    diameter 
circular  sewer  of  Monier  construction.  The  sewer  rests  upon  a  footing 
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Fig.  158. — Circular   Sewer,    Pare  Agricole   d'Acheres,    Paris. 


-^ 


of  unreinforced  concrete  against  which  it  is  braced  by  brackets  of  rein- 
forced concrete  spaced  4.2  m.  (13.78  ft.)  apart  and  similar  brackets 
of  unreinforced  concrete  spaced  6.8  m.  (22.3  ft.)  apart.  When  the 
sewer  crosses  depressions  the  brackets  are  carried  down  to  the  ground 
like  piers  and  arches  of  3.4  m.  (11. 15  ft.)  span  and  i  m.  (3.28  ft.)  wide 
are  sprung  between  them  to  carry  the  footing.  The  reinforcement  is 
clearly  indicated  by  the  drawing,  and  the  concrete  is  of  the  same  com- 
position as  that  of  the  pipe  gallery  described  in  the  preceding  para- 
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graph.  In  fact  the  gallery  and  the  sewer  are  of  the  same  general 
construction.  This  9.84- ft.  sewer  is  561  m.  (1,840  ft.)  long  and  cost 
214  francs  per  meter,  or  about  $13  per  lineal  foot. 

Cast-pipe  Sewer. — The  pipe  gallery  and  3-ni.  sewer  previously  de- 
scribed were  constructed  in  place;  for  the  i.8-m.  (5.9- ft.)  sewer 
inside  the  gallery  and  for  the  distributing-sewers  cast-pipe  construc- 
tion of  the  Bonna  type  was  adopted.  Of  the  i.8-m.  (5.9- ft.)  sewer 
only  that  portion  subjected  to  a  pressure  of  less  than  22  m.  (72  ft.) 
head  was  built  of  concrete-steel.  The  pipe  was  all  made  in  special 
plants  in  lengths  of  2.5  m.  (8.2  ft.)  and  was  laid  by  setting  the  lengths 
end  to  end  and  joining  them  by  special  collar- joints.  For  pressures 
greater  than  13.6  m.  (44.6  ft.)  head  each  length  was  lined  with  a 
riveted  steel  pipe  made  of  sheets  3.5  mm.  (o.i  in.)  thick  for  pressures 
up  to  15.35  ^-  (50  ^t.)  head  and  4.5  mm.  (0.2  in.)  thick  for  pressures 
greater  than  this.  The  reinforcement  consisted  of  rings  and  longitud- 
inals of  bars  of  cruciform  section  spaced  from  9.5  to  20.4  cm.  (3.75  to 
8.16  ins.)  apart,  according  to  the  interior  pressure.     Fig.  159  shows 


Section  220* 


Section  22js 

Fig.   159. — Reinforcing-bars  for 
Bonna  Cast-pipe  Sewer. 


Fig.  160. — Detail  of  Coupling  for 
Bonna  Cast-pipe  Sewer. 


the  dimensions  of  the  cruciform  bars  used;  the  smallest  of  the  three 
were  introduced  as  a  supplementary  reinforcement  between  the  main 
rings  and  longitudinals  in  the  pipe  having  the  wider  spacing  stated 
above.  Fig.  i6o  is  a  detail  of  the  coupling  between  lengths  of  pipe; 
the  coupling  between  lengths  of  unlined  pipe  consisted  of  the  outside 
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collar  alone.  The  total  length  of  this  i.8-m.  conduit  is  1,461  m. 
(4,793  ft),  of  which  281  m.  (922  ft.)  were  lined.  The  cost  of  the 
lined  conduit  was  about  300  francs  per  meter,  or  say  $18  per  lineal  foot, 
and  the  cost  of  the  unlined  conduit  was  about  200  francs  per  meter, 
or  say  $12  per  lineal  foot. 

The  distributing-sewers  of  Bonna  construction  varied  from  0.3  m. 
(11.8  ins.)  in  diameter  to  i.i  m.  (3.6  ft.)  in  diameter  and  were  de- 
signed to  withstand  a  pressure  of  40  ra.  (13 1.2  ft.)  head.  Like  the 
i.8-m.  sewer  described  above  they  were  composed  of  separate  lengths 
of  pipe  coupled  together  end  to  end.  Each  length  contained  an  em- 
bedded steel  tube.    Fig.  161  shows  the  construction  of  the  tubing,  and 


Fig.  161. — Section  of  Lining 
for  Concrete  Pipe  under 
Pressure. 
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Fig.  162. — Coupling  for  Cast  Pipe  of 
Smsdl  Section. 


Fig.  162  is  a  detail  of  one  of  the  couplings.  The  double  reinforcement 
shown  by  Fig.  162  was  employed  for  all  diameters,  except  the  0.3-m. 
(11.82-in.),  for  which  only  the  inside  reinforcement  was  used.  The 
cost  of  these  distributing-sewers  varied  from  75  to  90  francs  per  meter 
for  the  i.i-m.  diameter  to  from  11  to  14  francs  per  meter  for  the  0.3-m. 
diameter. 

Flues. 


Reinforced  concrete  has  been  employed  in  a  number  of  instances 
in  constructing  flues  for  conveying  smoke  and  gases  in  metallurgical 
works.  In  Germany  there  are  a  number  of  these  structures  of  Monier 
construction.  They  are  rectangular  and  from  6  m.  to  12  m.  (19.7  to 
29.4  ft.)  square  in  section  and  have  their  side  walls  braced  on  the  out- 
side by  triangular  buttresses  placed  at  intervals.  The  Anhalt  Lead 
and  Silver  Works,  at  Alexisbad,  Germany,  have  a  flue  of  this  construc- 
tion 500  m.  (1,640  ft.)  long.  Figs.  163  and  164  show  the  construction 
of  a  dust-flue  built  in  1899  to  carry  smoke  and  gases  from  the  roasting- 
furnaces  of  the  Arkansas  Valley  Smelting  Company  to  the  chimney 
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and  to  collect  the  valuable  dust  deposited  during  their  journey.    Fig. 
163  is  a  cross-section  showing  the  main  arch  members  of  the  metal 


Fig.   163. — Section  of  Dust  Flue  for  Arkansas  Valley  Smelting  Works. 


skeleton.    These  are  simply  channel-bars  bent  to  the  proper  curve  and 
having  their  ends  set  in  a  concrete  base- wall.    Between  these  walls  is 


Lon^itudinQl  Section  qIGiuwil 


Fart  Sid«  Elevation. 
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Longitudinal  SMtion  of  S'idc  VHM. 

Fig.   164.— Details  of  Dust  Flue  for  Arkansas  Valley  Smelting  Works. 

a  concrete  floor  resting  directly  on  the  ground.  The  channel-iron  ribs 
are  connected  longitudinally  by  flat  iron  members  attached  to  the 
ril)s  by  clinched   staples.     Fig.    164  shows  this  connection  and  also 
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shows  the  arrangement  of  the  expanded  metal  which  was  fastened 
to  the  inside  of  the  main  skeleton.  The  reinforcement  was  embedded 
in  a  mortar  composed  of  i  part  cement  and  3  parts  sand  for  the  sides 
and  in  a  slag  concrete  for  the  crown  portion.  The  total  thickness  of 
the  concrete  wall  was  2%  ins. 


Subway  for  Pipes  and  Wires. 

A  description  of  a  pipe  subway  for  the  Paris  sewage  farms  has 
been  given  on  a  preceding  page.  Fig.  165  shows  a  small  subway 
for  pipes  and  electric  wires  built  in  1901  at  Bloomington,  111.    It  will 
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Fig.  165. — Section  of  Pipe  and  Wire  Subway,  Bloomington,  111. 

be  observed  that  the  wires  are  provided  for  by  ordinary  clay  con- 
duit embedded  in  the  concrete  side  walls,  while  the  pipes  are  carried 
through  the  subway  proper.  The  only  reinforcement  of  the  side 
walls  consists  of  a  sheet  of  wire  netting  to  strengthen  the  thin  sheet 
of  concrete  between  the  two  tiers  of  clay  conduit  and  to  tie  the  oppo- 
site sides  of  the  wall  together.  The  concrete  for  the  side  walls  and 
the  bottom  of  the  subway  was  composed  of  a  1-3-5  niixture.  No  allow- 
ance was  made  for  the  adhesion  of  the  concrete  to  the  glazed  clay 
conduit,  but  it  was  found  that  the  bond  between  the  two  was  of  con- 
siderable strength.  The  roof  of  the  conduit  was  made  of  arch-plates 
of  Monier  concrete  cast  separately  and  laid  when  hardened.  These 
plates  were  2  ins.  thick  and  were  composed  of  i  part  cement  and  3  parts 
torpedo  sand.  The  use  of  separately  cast  roof-plates  avoided  the  use 
of  centers  and  hastened  the  work  of  construction  and  backfilling  ma- 
terially. The  total  length  of  subway  built  was  about  5,000  ft.,  and  the 
total  volume  of  concrete  of  the  roof  was  3.25  cu.  ft. 
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CHAPTER  X.— EXAMPLES   OF   REINFORCED   TANK  AND 
RESERVOIR  CONSTRUCTION. 

The  first  structural  application  of  reinforced  concrete  by  Joseph 
Monier  is  said  to  have  been  in  the  construction  of  tubs  for  holding 
trees  and  shrubs.  As  early  as  1868,  however,  the  inventor  had  em- 
ployed the  new  material  in  constructing  water-tanks  of  large  capacity^ 
and  the  success  of  these  was  so  great  that  in  a  few  years  Monier  con- 
crete-steel was  being  extensively  adopted  in  Germany  and  Austria 
for  tank  and  reservoir  construction  for  a  variety  of  purposes.  These 
structures  are  now  numbered  by  the  score  and  include  surface  and 
subsurface  reservoirs,  elevated  water-tanks,  and  vats  for  manufac- 
turing purposes  of  both  cylindrical  and  rectangular  form.  The  posi- 
tion of  the  tank,  whether  partly  or  wholly  beneath  the  surface  or  ele- 
vated, introduces  some  differences  in  construction,  as  does  also  the 
shape,  whether  cylindrical  or  rectangular,  but  the  general  system  of 
reinforcement  which  is  employed  is  substantially  the  same  in  all  cases. 
It  consists  of  a  rectangular  mesh  network  of  round  bars  and  rods,  the 
size  of  the  mesh  and  of  the  members  which  compose  it  varying  with 
the  loads  to  be  carried.  For  the  purpose  of  more  detailed  description 
the  bottom,  side  wall,  and  roof  can  best  be  considered  separately. 

For  tanks  partly  or  wholly  buried  in  the  ground  the  bottom  con- 
struction consists  of  a  flat  plate  where  the  depth  of  water  carried  is 
small  and  of  a  spherical  shell  when  the  load  to  be  carried  is  greater. 
When  spherical  bottoms  are  employed  they  are  placed  with  the  convex 
surface  downward  and  are  practically  always  reinforced.  Flat-plate 
bottoms  are,  however,  often  built  of  unrefnforced  concrete.  The 
bottoms  of  elevated  tanks  are  practically  always  spherical  and  convex 
upward.  The  side- wall  reinforcement  of  cylindrical  tanks  consists, 
first,  of  a  series  of  horizontal  rings  placed  close  together  at  the  bottom 
and  gradually  increasing  in  distance  apart  toward  the  top,  and,  second, 
of  a  series  of  vertical  rods  spaced  uniformly  around  the  tank  and  con- 
nected by  wire  ties  to  the  horizontal  rings.  In  rectangular  tanks  the 
side- wall  reinforcement  consists  of  horizontal  and  vertical  rods.  At 
the  corners  formed  by  the  adjoining  sides  the  horizontal  rods  are 
usually  bent  around  so  as  to  make  the  reinforcement  continuous  and 
thus  reduce  the  chances  of  cracks  developing.  The  junction  of  the 
side  walls  and  the  tank  bottom  is  formed  in  a  similar  manner.  Roofs 
for  tanks  of  Monier  construction  are  either  flat  plates  or  spherical 
arches,  the  latter  being  employed  when  any  considerable  load  is  carried 
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by  the  roof.  The  reinforcement  of  spherical  arches  in  tank  roofs  and 
bottoms  consists  of  concentric  rings  and  of  radial  members  fastened 
together  by  wire  ties.  The  mixture  in  which  the  reinforcement  is 
embedded  in  all  Monier  construction  is  a  Portland  cement  and  sand 
mortar  mixed,  usually  in  the  proportion  of  one  to  three  or  four. 

The  general  scheme  of  reinforcement  adopted  by  Monier  is  followed 
in  nearly  all  other  forms  of  tank  construction  with  bar  reinforcements. 
The  walls  are  reinforced  by  vertical  and  horizontal  bars,  the  latter 
spaced  wider  apart  as  the  distance  above  the  bottom  increases.  With 
mesh  reinforcement,  such  as  expanded  metal  or  any  of  the  wire 
fabrics,  a  double  layer  near  the  bottom  and  a  single  layer  above 
secures  the  same  object,  or  the  same  strength  of  reinforcement  may  be 
used  from  top  to  bottom.  The  following  examples  will  explain  current 
practice;  they  include  both  rectangular  and  cylindrical  tanks  and 
bins  for  holding  dry  materials. 

Cement-storage  Tanks,  Illinois  Steel  Company,  Chicago,  111. — Figs.  166 
to  168  illustrate  the  construction  of  the  Monier  concrete-steel  adopted 
for  a  group  of  elevated  cylindrical  tanks  built  to  store  cement  at  the 
plant  of  the  Illinois  Steel  Company  at  South  Chicago,  111.,  in  1902. 
The  group  consists  of  four  circular  tanks  set  at  the  corners  of  a  square 
and  with  the  irregular  space  between  them  forming  a  fifth  tank  or  bin. 
The  total  storage  capacity  of  the  five  bins  is  25,000  barrels  of  cement. 

The  tanks  are  25  ft.  diameter  inside,  and  29  ft.  center  to  center,  the 
space  between  each  pair  of  adjacent  walls  being  closed  by  a  cylindrical 
shaft  30  ins.  diameter,  and  the  entire  structure  being  monolithic.  The 
foundation  is  a  continuous  floor  or  bed  of  concrete  3  ft.  thick,  66X^6 
ft.  with  corners  of  18  ft.  6  ins.  radius.  About  5  ins.  above  the  base  of 
this  is  embedded  a  netting  of  9-in.  mesh  formed  by  5^-in.  round  steel 
rods,  tied  together  at  their  intersections  by  No.  18  wire.  Upon  this 
concrete  bed  is  a  series  of  piers  12  ft.  6  ins.  high  and  i  ft.  10  ins.  thick. 
Those  near  the  outer  circumference  of  the  tanks  are  mainly  3  ft.  5  ins. 
long,  but  others  near  the  central  portion  are  from  6  ft.  8  ins.  to  7  ft. 
ID  ins.  long.  All  the  smaller  piers  have  four  steel  rails  embedded  in 
the  concrete,  the  rails  being  connected  by  spacing-bars  riveted  to  them, 
and  resting  on  34 -in.  steel  plates  embedded  in  the  concrete  floor  about 
15  ins.  below  the  surface.  The  piers  are  capped  with  similar  plates. 
The  larger  piers  have  six  or  eight  rails.  Upon  the  piers  rest  concrete- 
steel  girders  15  ins.  deep  and  4  ft.  wide,  with  vertical  openings  at  inter- 
vals for  the  discharge-spouts.  Through  each  girder  run  four  hori- 
zontal lines  of  steel  rods  near  the  top,  and  four  other  lines  bent  to 
form  truss-rods,  with  sheets  of  wire  netting  on  each  side  of  each  pair 
of  rods. 

The  cylindrical  tanks,  53  ft.  6  ins.  high,  rest  upon  this  system  of 
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Fig.  i66.— Cement  Storage  Bins  of  Monier  Concrete  Steel,  Illinois  Steel 
Company,  Chicago,  111. 
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167.— Cement  Storage  Bins  of  Monier  Concrete  Steel,  Illinois  Steel 
Company,  Chicago,  111. 
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girders,  the  base  being  13  ft  9  ins.  above  the  level  of  the  concrete 
floor.  The  walls  are  7  ins.  thick  in  the  lower  part  and  5  ins.  in  the 
upper  part,  the  thickness  being  increased  where  they  unite  with  the 
circular  walls  which  close  the  spaces  between  the  tanks.  Within  the 
concrete  walls  is  embedded  a  continuous  sheet  of  netting  of  No.  9 
wires  electrically  welded  at  their  intersections  and  forming  rectangular 
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Fig.  168.— Details  of  Concrete-steel  Bins  for  Illinois  Steel  Company. 


meshes  iX4  J"s.  Around  this  (and  alternately  inside  and  outside 
of  it)  are  horizontal  rings  of  rods  4  ins.  apart,  tied  to  the  netting  by- 
wire.  These  rods  vary  from  i  in.  diameter  near  the  base  to  >i^-in. 
near  the  top,  while  the  top  is  finished  with  a  ring  formed  by  a  5-in. 
Z  bar.  The  roof  is  conical,  2  ins.  thick,  with  a  manhole  at  the  edge 
and  an  opening  at  the  top  for  the  spout.  It  was  thought  that  with  a 
hopper  bottom  and  central  discharge,  material  such  as  cement  would 
give  trouble  by  bridging,  and  the  bottom  is  therefore  made  conical, 
with  eight  discharge-openings  in  the  annular  space  between  the  base 
of  the  cone  and  the  side  of  the  tank.  These  openings  are  about 
15X48  ins.  and  each  serves  two  spouts  leading  to  conveyors  which 
carry  the  cement  to  the  packing  and  shipping  department.  The  coni- 
cal bottom  is  4  ins.  thick,  reinforced  with  rods  and  netting,  and  ifc 
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diameter  at  the  base  is  22  ft.  The  concrete  in  the  foundation  floor  and 
piers  is  composed  of  i  part  Portland  cement,  3  parts  coarse  sand, 
and  4  parts  stone.  That  of  the  tanks  is  composed  of  i  part  Portland 
cement  to  3J^  parts  sand,  no  stone  being  used.  It  was  mixed  moder- 
ately wet  and  lightly  rammed  in  wooden  forms.  These  forms  were 
constructed  of  3-in.  planks  3  ft.  long,  kept  together  by  means  of  three 
horizontal  angle-irons  supported  by  vertical-angle  irons  clamped  to- 
gether above  the  wall.  The  concrete  was  poured  in  and  tamped  inside 
the  forms,  which  were  raised,  in  45**  sections,  28  ins.  high,  every 
twenty-four  hours.  The  work  was  carried  on  by  day  and  night  so  as 
to  prevent  any  setting  between  the  layers  of  concrete. 

The  cement  is  brought  from  the  mill  by  a  horizontal  screw  con- 
veyor and  delivered  into  the  boot  of  a  vertical  bucket  elevator,  which 
again  delivers  it  to  a  horizontal  screw  conveyor  above  the  tanks,  by 
which  it  is  carried  to  the  spout  of  one  or  other  of  the  tanks.  The 
elevator  runs  in  a  rectangular  shaft  12X14  ft.,  and  the  distributing 
conveyor  in  a  chamber  or  housing  10  ft.  3  ins.Xi2  ft.  4  ins.,  supported 
by  a  steel  bent.  The  shaft  and  housing  are  built  of  a  framing  of  steel 
angles,  sheathed  with  Monier  concrete-steel  plates  2X5  ft.,  H  *"• 
thick,  made  of  cement  mortar  and  wire  netting.  The  floor  of  the  con- 
veyor housing  is  of  similar  plates  i  in.  thick. 

Reservoir,  Port  Deposit,  Md. — ^The  drawings  of  Fig.  169  show  the 
construction  of  a  reinforced-concrete  reservoir  16  ft.  in  diameter  and 
4  ft.  deep,  covered  with  a  domed  roof,  which  was  built  for  the  Tome 
Institute  at  Port  Deposit,  Md.,  in  1900.  The  side  walls  and  floor  of 
this  reservoir  are  6  ins.  thick,  the  outer  5  ins.  of  thickness  being  a 
1-3-6  Portland-cement  concrete  and  the  inside  i  in.  of  thickness  being 
a  I -I  cement  mortar  laid  simultaneously  with  the  concrete  for  the 
side  walls  and  plastered  onto  the  concrete  for  the  bottom.  The  roof 
is  a  dome  with  a  span  of  16  ft.  and  a  rise  of  2  ft.,  its  thickness  being  4 
ins.  at  the  crown  and  5  ins.  at  the  edge.  The  reinforcement  was 
expanded  metal  in  5X8-ft.  sheets.  The  wall  reinforcing  sheets  were 
bent  over  at  top  and  bottom  so  as  to  bond  into  the  floor  and  roof. 
For  reinforcing  the  roof  the  sheets  were  cut  into  triangles  of  2j4  ft. 
base  and  8  ft.  altitude,  each  sheet  making  two  triangles.  The  con- 
crete used  consisted  of  Portland  cement,  sharp  sand,  and  fine  broken 
granite  containing  the  screenings. 

In  constructing  the  small  reservoir  tank  at  Port  Deposit,  Md.,  the 
floor  was  built  first  without  the  finishing  coat  of  mortar.  The  sides 
were  then  built,  the  forms  being  made  in  sections  6  ft.  long  and  2  ft. 
high  for  convenience  in  tamping  the  concrete  and  placing  the  pipes 
through  the  walls.  For  building  the  dome  a  center  formed  of  earth 
covered  with  sand  and  papered  with  heavy  roofing-paper  was  em- 
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ployed.  The  earth  center  was  carried  on  a  platform  level  with  the 
top  of  the  side  walls.  This  platform  framing  consisted  of  two  cross- 
stringers  3  ft.  apart  at  the  center  and  of  shorter  stringers  run- 
ning at  right  angles  to  the  main  stringers  and  extending  to 
the  perimeter  of  the  tank.     This   framing  was  supported  on  posts 
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Fig.  169. — Rein  forced-concrete  Reservoir,  Port  Deposit,  Md. 

on  the  bottom  of  the  tank  and  carried  a  flooring  of  2-in.  plank. 
The  earth  for  the  center  was  kept  damp,  so  as  to  pack  well,  and 
it  was  molded  to  a  wooden  template.  After  completion,  a  wash 
of  neat  cement  was  applied  to  the  inside  of  the  reservoir  by  means 
of  brooms. 

Water-tower,  Fort  Revere,  Mass. — One  of  the  most  interesting  ex- 
amples of  deep-tank  construction  existing  in  the  United  States  is  fur- 
nished by  the  water-tower  erected  at  Fort  Revere,  Boston  Harbor,  in 
1903.  A  vertical  section  of  this  tower  is  shown  by  Fig.  170.  The 
construction  consists  of  a  base  of  reinforced  concrete  carrying  eight 
wall  piers  of  reinforced  concrete  filled  between  with  curtain-walls  of 
brick.  Surmounting  the  piers  is  a  rein  forced-concrete  floor  projecting 
beyond  the  walls  to  form  a  water-table  with  a  deep  fascia.  Above 
this  floor  is  an  observatory  with  a  timber  roof.  From  the  ground  sur- 
face to  the  top  of  the  finial  the  height  is  about  93  ft.    The  base-wall 
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Fig.    170. — Vertical   Section  of  Concrete-steel  Water-tower,  Fort  Revere, 

Massachusetts. 
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and  pier  construction  are  clearly  shown  by  the  horizontal  and  vertical 
sections,  Figs.  171  and  172. 


Fig.  171. — Horizontal  Section  of  Base  of  Fort  Revere  Water-tower. 
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Fig.   172.— Vertical  Sections  of  Base  of  Fort  Revere  Water-tower. 

The  tank  or  stand-pipe  inside  the  tower  has  a  diameter  of  20  ft, 
leaving  an  annular  space  between  the  tank  and  inside  wall  which  is 
occupied  by  a  spiral  stairway  leading  to  the  observatory.  The  tank  is 
50  ft.  high  with  a  shell  73.4  ins.  thick  at  the  bottom  and  4%  ins.  thick 
at  the  top.    The  bottom  of  the  tank  is  4  ins.  thick.    The  method  of 
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reinforcing  the  shell  and  bottom  is  shown  by  Figs.  173  and  174.  Con- 
sidering the  shell  first,  the  reinforcement  will  be  seen  to  consist  of  two 
sets  of  vertical  rods  set  2  ins.  apart  transversely  of  the  wall  and  of 
two  sets  of  horizontal  hoops,  one  encircling  each  set  of  verticals.  The 
bars  in  each  system  of  verticals  are  spaced  16  ins.  apart,  but  the  bars 
of  one  set  are  staggered  with  those  of  the  other  set  so  that  the  shell 
has  a  vertical  every  8  ins.  circumferentially.  The  horizontal  hoops 
have  welded  joints  throughout  the  first  two-thirds  of  the  height  and 
wire-wound  lap-joints  throughout  the  top  one-third  of  the  height. 
The  welded  hoops  are  all  54-in.  rods  and  the  others  are  J^-in.  rods. 
The  vertical  spacing  of  the  hoops  increases  as  the  height  of  the  shell  in- 
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Fig.   173. — Section  of  Tank  Side  and  Bottom,  Fort  Revere  Water-tower. 

creases.  For  the  J^2-in.  hoops  there  are  23  spaces  of  i^  ins. ;  41  spaces 
of  2  ins. ;  34  spaces  of  2^2  ins. ;  22  spaces  of  3  ins. ;  13  spaces  of  y/2 
ins.,  and  23  spaces  of  3^4  ins.  For  the  J^-in.  hoops  there  are  nine  3-in. 
spaces,  six  3j4-in.  spaces,  and  six  3Ji-in.  spaces,  the  inner  and  outet- 
hoops  at  each  level  up  to  this  elevation  being  in  the  same  horizontal 
plane.  For  the  remaining  16  ft.  the  two  sets  of  hoops  are  staggered 
and  the  spacing  varies  from  2  ins.  to  yy-i  ins.  One  of  the  notable 
features  of  the  construction  is  the  bonding  together  by  the  reinforce- 
ment of  the  bottom  and  the  shell  of  the  tank.  This  is  clearly  shown 
by  Figs.  173  and  174.  The  tank  is  lined  throughout  with  i  in.  of 
I -to- 1  mortar  to  prevent  leakage.  This  tank  was  designed  and  built  by 
the  American  agents  of  the  Hennebique  system  of  construction. 

Rectangular  Tanks. — The  drawings  of  Fig.  175  show  the  construc- 
tion of  a  set  of  two  rectangular  tanks  constructed  at  the   factory 
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of  Zinsser  &  Company  of  New  York  City.    These  tanks  were  designed 
to  hold  a  solution  of  chloride  of  lime  and  were  reinforced  with  elec- 
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Fig.  174. — Reinforcement  of  Tank  Bottom,  Fort  Revere  Water-tower. 

trically  welded  wire  fabric  having  a  3X8-in.  mesh  and  made  of  0.3-in.- 
diameter  wire.  The  concrete  was  a  1-2-4  mixture  of  trap-rock  broken 
to  ^4-in.  maximum  size.  The  construction  is  very  simple  and  shows 
clearly  the  adaptability  of  reinforced  concrete  for  small  tanks. 
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Grain-eleyator  Bins.-— Reinforced  concrete  has  been  employed  in 
Europe  for  constructing  grain-elevator  bins  for  about  twenty  years, 
and  some  of  the  European  grain-elevators  of  this  material  are  of  con- 
siderable size  and  importance  even  when  judged  by  American  stand- 
ards. In  the  great  majority  of  these  European  elevators,  the  bins  have 
been  made  rectangular  and  are  supported  on  columns  of  concrete 
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Fig.  175. — Rectangular  Tanks  with  Wire  Fabric  Reinforcement. 

rising  only  to  the  bottoms  of  the  bins.  The  few  American  grain-eleva- 
tors which  have  been  designed  of  reinforced  concrete  include  examples 
of  both  cylindrical  and  rectangular  bin  construction,  and  in  some  cases 
the  bins  have  been  built  resting  directly  on  the  ground  without  column 
supports  of  any  sort.  The  following  examples  are  fairly  representative 
of  the  ideas  of  American  designers  so  far  as  they  have  been  developed 
in  actual  practice. 

Canadian  Pacific  Elevator,  Port  Arthur,  Ont. — The  Canadian  Pa- 
cific elevator  at  Port  Arthur,  Ont.,  consists  of  nine  circular  bins  30  ft. 
in  diameter  and  90  ft.  high,  arranged  in  three  rows  of  three  bins  each, 
with  the  adjacent  sides  in  contact.  The  quadrilateral  spaces  between 
the  circular  bins  were  made  to  form  a  second  set  of  four  bins.  The 
shells  of  the  main  tanks  extend  below  the  surface  of  the  ground  and 
rest  on  spread  footings.  Above  ground  the  shells  are  9  ins.  thick 
except  where  the  adjacent  tanks  touch,  and  here  the  acute  angles 
between  the  convex  surfaces  are  filled  in  lor  a  width  of  7  ft.  and  a 
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maxitnum  thickness  of  2>1  ft.  The  shell  reinforcement  consists  of 
circular  hoops  in  pairs,  a  hoop  near  each  surface.  These  pairs  of  bars 
are  spaced  12  ins.  apart  vertically  of  the  tank,  but  the  size  of  bars 
used  decreases  from  the  bottom  upward;  for  15  ft  they  have  a  cross- 
section  of  I  sq.  in. ;  for  35  ft.  a  cross-section  of  0.88  sq.  in. ;  for  20  ft 
a  cross-section  of  0.75  sq.  in.,  and  for  10  ft.  a  cross-section  of  J^  sq.  in. 
In  addition  to  the  hoops  there  are  27  vertical  bars  spaced  equidistant 
around  the  shell;  these  bars  are  all  yi  in.  in  diameter.  Where  adja- 
cent tanks  touch  and  have  the  walls  thickened  as  described  above, 
the  two  shells  are  clamped  together  across  the  thickening  by  two  1% 
X4^-in.  straps  every  foot  in  height,  whose  ends  hook  over  the  hoop 
bars  of  the  two  shells.  There  is  also  in  this  thickened  portion  a  hori- 
zontal sheet  of  wire  netting  at  every  foot  in  height  The  hopper  bot- 
toms of  the  tanks  are  not  reinforced,  and  they  rest  directly  on  a  pre- 
pared earth-fill. 

The  concrete  walls  of  the  bins  were  made  in  movable  cylindrical 
forms  (Fig.  176)  4  feet  high.    The  curved  surfaces  of  the  forms  were 
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Fig.   176. — Forms  for  Circular  Bin  Construction,  Grain  Elevator, 
Port  Arthur,  Ont. 


made  of  2-in.  vertical  planks  spiked  to  inside  and  outside  circular 
horizontal  chords.  The  chords  were  made  like  ordinary  arch  centers 
with  four  thicknesses  of  2X8-in.  scarf-planks  bolted  together  to  break 
joints  and  make  complete  circles  inside  the  tanks  and  circular  seg- 
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ments  of  270°  or  less  on  the  outsides  of  the  tanks.  The  molds  were 
faced  on  the  inside  with  No.  28  galvanized  steel,  and  were  maintained 
in  concentric  positions  with  a  fixed  distance  between  them  by  means 
of  eight  U-shaped  steel  yokes  in  radial  planes.  Each  yoke  consisted 
of  an  inside  and  outside  vertical  post  with  a  radial  web  and  flanges 
engaging  the  inner  and  outer  faces  of  the  circular  chords.  The  posts 
projected  about  2  ft.  above  the  tops  of  the  molds  and  were  rigidly 
connected  there  by  means  of  heavy  braces  and  an  adjustable  tension- 
rod.  These  yokes  were  bolted  to  the  inner  and  outer  chords  of  the 
molds  and  virtually  united  them  in  a  single  structure.  The  lower 
ends  of  the  vertical  yoke-posts  were  seated  on  jack-screws  which  were 
supported  on  falsework  built  up  inside  the  tanks  as  the  walls  pro- 
gressed. The  inside  surface  of  the  mold  was  a  complete  cylinder, 
but  the  outer  surface  was  made  in  two,  three,  or  four  sections  to  allow 
for  the  connections  between  the  concrete  walls  at  the  points  of  tan- 
gency  of  the  different  tanks. 

Grain  Elevator,  Montreal,  P.  Q. — The  drawings  of  Fig.  177  show 
the  bin  construction  designed  by  Mr.  J.  A.  Jamieson  for  elevator  con- 
struction at  Montreal  Harbor.  As  will  be  seen,  the  bins  are  rectan- 
gular and  are  carried  on  concrete-filled  steel  columns  which  extend 
through  their  full  height  and  continue  above  as  a  portion  of  the  frame 
of  the  house.  In  the  design  shown  the  outside  bin  walls  and  the  bin 
bottoms  are  reinforced  concrete,  but  the  interior  bin  walls  are  a  steel 
trough-plate  construction.  It  is  possible,  however,  if  desired,  to  re- 
place the  steel  construction  of  the  interior  walls  with  reinforced-con- 
crete  construction.  The  concrete-steel  bin  bottoms  are  so  clearly 
shown  by  the  drawings  that  they  need  no  further  description. 

Bins,  Narragansett  Bay  Coal  Depot. — An  example  of  the  use  of  rein- 
forced concrete  in  large  bin  construction  is  shown  by  Fig.  178.  This 
is  a  half-transverse  section  of  one  of  the  large  coal-storage  bins 
erected  at  Narragansett  Bay  for  the  U.  S.  Navy  Department.  There 
were  two  of  these  structures,  each  725  ft.  long  and  divided  into  dve 
compartments  by  transverse  partitions.  As  will  be  seen,  only  the 
bottom  and  sides  of  the  bins  proper  and  the  dividing  partitions  are  of 
concrete,  the  remainder  of  the  structure  being  a  framework  of  struc- 
tural steel.   The  reinforcement  was  electrically  welded  wire  fabric. 

Reseryoir  Roofs. — In  many  cases  the  use  of  reinforced  concrete  in 
reservoir  construction  has  been  limited  to  the  roof  or  covering.  For 
this  purpose  practically  any  of  the  systems  employed  for  arch  and 
floor  construction  are  available.  The  following  examples  from  cur- 
rent practice  serve  to  illustrate  this  particular  application  of  concrete 
steel. 

Water-works,  Louisznllc,  /Cy.— Fig.    179  shows   the   concrete-steel 
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p,r..   177.— Grain  Elevator  Bins  for  Montreal  Harbor.  Canada. 
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Fig.  178. — Coal  Pocket  of  Reinforced  Concrete  Carried  by  Steel 
Framework. 
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groined-arch  roof  construction  employed  in  building  a  25,000,000-gal- 
lon  covered  clear-water  reservoir  at  Louisville,  Ky.  The  reservoir  is 
nearly  rectangular  in  shape,  392  and  394X460  ft.,  and  is  divided  into 
four  nearly  equal  compartments  by  three  division-walls.  The  exterior 
walls,  the  division-walls,  and  the  columns  supporting  the  groined  roof 
are  constructed  of  unrein  forced  concrete.     The  columns  are  spaced 
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Fig.  179. — Groined-arch  Roof  of  Reinforced  Concrete  for  Qear  Water 
Reservoir,  Louisville,  Ky. 


22  ft.  apart  center  to  center,  and  are  about  3.4  ft.  in  diameter  and 
21. 1 1  ft.  high. 

The  arches  are  groined  corurete-steel  arches  of  approximately 
19  ft.  span  and  3.8  ft.  rise.  The  intrados  and  extrados  in  these  arches 
are  arcs  of  circles  of  13.775  ^^-  ^^^  32.256  ft.  radius  respectively,  the 
concrete  being  6  ins.  thick  at  the  crown  and  36  ins.  at  the  spring-line 
in  radial  lines,  and  are  constructed  of  Portland-cement  1-2-4  concrete. 
These  arches  have  built  and  embedded  within  them  concrete-steel 
ribs  iVzycJ^-'in.  in  section,  placed  in  eight  half-pairs,  resting  upon 
each  pier,  four  being  placed  at  the  groins  of  the  arch  and  four  midway 
between  the  apices  of  the  groins.  These  ribs  meet  upon  and  arc 
riveted  to  steel  plates  16  ins.  square  and  -A-in.  thick  (two  plates  in 
each  pier,  and  in  the  side  division-walls  where  the  ribs  terminate) 
placed  2834  ins.  apart  vertically,  and  stayed  in  the  middle  by  one  j4-in 
rivet  passing  through  a  short  section  of  j4-in.  iron  pipe  to  stay  the 
plates  on.  The  two  pairs  of  steel  ribs  intersecting  each  other  at  the 
apex  of  each  groined  arch  are  fastened  together  in  a  similar  manner 
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by  a  34-in-  rivet  and  a  piece  of  J^-i"-  wrought-iron  pipe  as  a  stay. 
This  arrangement  results  in  connecting  the  steel  ribs  of  every  groined 
arch  with  those  of  every  other  through  the  i6-in.  square  plates  built 
in  the  top  of  the  piers.  In  placing  the  steel  ribs  and  laying  the  con- 
crete, care  was  taken  to  embed  every  portion  of  each  rib  solidly  in  the 
concrete,  as  also  the  plates  to  which  the  ribs  were  attached.  At  in- 
tervals of  about  12  ins.  in  the  length  of  each  rib  there  is  a  J^-in.  rivet 
through  the  middle  of  the  rib,  with  head  on  one  side  and  burr  on  the 
other,  as  a  means  of  securing  an  immovable  connection  between  the 
concrete  and  the  steel  ribs. 

In  constructing  the  groined-arch  roof  of  the  clear-water  reservoir 
for  the  Louisville,  Ky.,  filter  plant,  the  first  work  was  the  erection  of 
the  centers.  After  the  concrete  in  the  pillars  had  thoroughly  set  four 
vertical  wxx)den  posts  were  set  close  to  each  pillar  and  connected  by  a 
horizontal  rectangular  frame  cap  at  their  tops.  The  caps  carried  the 
ends  of  the  centers.  The  center  for  each  groined  arch  was  made  up 
of  four  parts,  each  triangular  in  plan.  The  bases  of  the  triangles 
formed  the  rectangle  connecting  the  pillars,  and  their  apices  met  at  the 
center  of  the  arch  and  were  supported  there  on  a  6y(6-in.  vertical  post 
resting  on  the  floor  of  the  reservoir.  This  construction  of  the  center- 
ing is  shown  by  Fig.  179.  Generally  the  centers  were  erected  for  a 
group  of  six  to  nine  arches.  The  next  step  "was  to  end  the  reinforcing- 
ribs  for  these  arches,  and  they  were  placed  and  the  connections  riveted 
and  were  blocked  up  by  wooden  spacers.  The  concrete  was  wheeled 
to  the  work  in  barrows  and  tamped  in  place  working  from  the  spring- 
ing-lines  toward  the  crowns.  Concreting  was  carried  on  without  in- 
termission until  each  group  or  set  of  arches  was  completed.  The 
blocking  and  spacers  were  removed  as  the  concreting  advanced. 
Water-pipes  laid  along  the  work  and  provided  with  pet-cocks  kept 
the  concrete  covered  with  a  spray  of  water  until  it  was  thoroughly  set. 

Rockford,  IlL — Fig.  180  is  a  transverse  section  of  a  covered  reser- 
voir with  a  concrete-steel  roof  which  was  constructed  at  Rockford,  111., 
in  1894.  This  reservoir  is  rectangular  and  66.26  ft.X156.56  ft.  in  plan 
and  was  constructed  of  concrete  throughout  except  for  a  brick  facing 
for  the  upper  portion  of  the  sides.  Only  the  roof  was  of  reinforced 
concrete.  This  roof  is  a  ribbed  arch  which  spans  the  reservoir  trans- 
versely. The  ribs  are  spaced  7  ft.  apart  and  increase  in  depth  from 
crown  to  haunch;  each  is  reinforced  by  an  intradosal  channel  laid  face 
downward.  The  arch  ring  proper  is  of  uniform  thickness,  2  ins., 
and  is  reinforced  by  expanded  metal  placed  near  its  soffit.  Fig.  180 
gives  details  showing  the  arrangement  of  the  rib  and  arch-ring  rein- 
forcement, and  the  other  structural  details.  The  roof  was  erected 
on  centers  arranged  as  shown  by  the  dotted  lines  in  Fig.  180.    The 
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concrete  used  was  composed  of  i  part  Portland  cement,  2  parts 
sand,  and  5  parts  fine  gravel.  The  soffits  of  the  ribs  and  arch  ring 
were  plastered  with  a  i  Portland  cement  2>^  sand  mortar.    The  total 
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Fig.  180. — Arch  Roof  for  Reservoir  at  Rockford,  111. 

cost  of  the  reservoir  was  $18,506,  and  the  cost  of  the  roof  alone  was 
$2,000. 

Newton,  Mass. — In  constructing  a  i27Xi65X50-ft.  covered  reser- 
voir at  Newton,  Mass.,  in  1902,  a  roof  of  concrete-steel  of  the  con- 
struction shown  by  Fig.  181  was  employed.     The  walls  of  this  reser- 
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Fig.  181. — Reservoir  Roof  at  Newton,  Mass. 

voir  are  of  rubble  masonry  and  the  floor  is  of  4  ins.  of  concrete. 
Brickwork  pillars  were  arranged  in  rows  11  ft.  loj^  ins.  apart  one 
way  and  11  ft.  8  ins.  the  other  way.  Steel  I  beams  12  ins.  deep  and 
weighing  31J/2  lbs.  per  foot  are  carried  by  the  pillars.  These  beams 
run  in  the  direction  of  the  11  ft.  8  in.  span,  and  each  is  long  enough 
to  cover  two  spans.  As  shown  by  the  drawing  they  were  haunched 
around  by  concrete  and  carry  a  concrete  plate  reinforced  by  Colum- 
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bian  bars  spliced  at  adjoining  ends.  The  concrete  used  was  a  1:2:5 
Portland-cement,  broken-stone  concrete.  The  contractor's  price  for 
the  covering  was  29  cents  per  sq,  yd. 

Waterproofing. — Que  of  the  requisites  of  tanks  and  vats  for  liquids 
is  that  they  shall  not  leak.  Leakage  may  be  prevented  either  by  using 
an  impervious  concrete  or  by  waterproofing  the  walls  and  bottom. 
The  possibilities  for  securing  an  impermeable  concrete  are  discussed 
in  Chapter  XII,  Except  in  the  general  respect  of  using  a  concrete 
rich  in  cement  and  employing  a  wet  mixture,  practice  has  not  devel- 
oped much  experience  with  impermeable  mixtures.  The  usual  resort 
adopted  has  been  some  sort  of  waterproofing.  For  water-tanks  Euro- 
pean practice  favors  the  use  of  an  inside  layer  or  plaster  coat  of  rich 
cement  and  sand  mortar.  An  example  of  this  construction  is  furnished 
by  the  water-tower  constructed  at  Fort  Revere,  Mass.,  and  described 
in  a  preceding  section  of  this  chapter.  An  old  formula  for  water- 
proofing concrete  cisterns  is  to  wash  the  inside  with  two  or  more 
coats  of  neat  cement  grout;  this  procedure  seems  to  give  very  good 
results  for  heads  not  exceeding  10  ft.,  but  for  greater  heads  it  does 
not  suffice.  A  coating  of  asphalt  is  also  frequently  used  for  water- 
proofing tanks.  The  usual  practice  is  to  apply  the  asphalt  hot  with 
a  mop  until  a  coat  about  J4  in-  thick  has  been  secured.  The  neatest 
solution  of  the  problem  of  securing  water-tight  tanks  is  by  all  odds  the 
use  of  an  impermeable  concrete,  and  setting  aside  mixtures  involving 
the  use  of  special  chemicals ;  this  is  most  nearly  secured  by  means  of  a 
wet  mixture  rich  in  cement.  This  construction,  with  the  addition  of  a 
surfacing  of  cement  mortar,  is  the  one  that  is  employed  universally  in 
Europe  where  rein  forced-concrete  tanks  and  vats  are  in  use  in  large 
numbers.  It  would  appear  to  be  best  in  all  respects  to  build  up  the 
mortar  surfacing  and  the  concrete  together  after  the  manner  described 
in  Chapter  XVII,  but  where  this  cannot  be  done  the  following  mode  of 
procedure  may  be  adopted:  Apply  the  mortar  coating  to  the  bottom 
and  sides  as  soon  as  possible  after  the  forms  are  removed  and  in  the 
following  manner :  Carefully  clean  the  surfaces  .with  water  and  then 
apply  a  wash  of  neat  cement  grout;  while  the  grout  is  still  wet  apply 
the  first  coat  of  plaster  about  J4  in.  thick ;  apply  the  succeeding  coats 
at  intervals  of  about  one  hour  until  the  desired  thickness  of  mortar 
has  been  secured. 


326  REINFORCED   CONCRETE. 


CHAPTER    XI.— EXAMPLES    OF   REINFORCED-CONCRETE 
RETAINING-WALLS,  DAMS,  CHIMNEYS,  ETC 

The  examples  of  reiiiforced-concrete  work  grouped  together  in  this 
chapter  include  such  of  the  more  important  engineering  works  as  do 
not  belong  to  foundations,  buildings,  bridges,  conduits,  and  tanks  and 
bins.  No  attempt  has  been  made  to  present  an  exhaustive  list  of 
special  structures  which  have  been  built  of  concrete-steel,  as  this  would 
consume  a  large  amount  of  space  without  giving  adequate  return  in 
the  shape  of  useful  information.  The  examples  chosen  are  all  such  as 
are  likely  to  come  up  for  solution  in  general  engineering  .practice. 

Chimneys. 

The  use  of  reinforced  concrete  in  chimney  construction  is  illus- 
trated by  a  number  of  important  structures  in  the  United  States.  The 
design  of  these  structures  has  followed  closely  that  of  brick  chimneys, 
an  inner  and  an  outer  shell  separated  by  an  annular  air-space  bein^ 
employed.    The  following  examples  show  this  construction  in  detail: 

Pacific  Electric  Ry.,  Los  Angeles,  Cal. — The  chimney  built  during 
July  and  August,  1902,  for  the  new  Los  Angeles  power-house  of  the 
Pacific  Electric  Railway  Company  is  180  ft.  high  above  its  base,  which 
is  15  ft.  6  ins.  below  the  level  of  the  ground.  The  exterior  diameter  of 
the  chimney  above  the  shoulder,  where  it  first  assumes  a  circular  form, 
is  15  ft.  2  ins.,  the  inner  diameter  being  11  ft.  The  shoulder  is  51  ft 
above  the  base,  and  is  immediately  above  the  two  flues  which  enter 
the  chimney  from  opposite  sides. 

The  accompanying  plans  (Fig.  182)  show  clearly  the  construction 
of  the  stack.  It  consists  of  two  concentric  walls,  independent  of  each 
other  from  base  to  top,  and  separated  by  an  air-space  of  from  11  to 
16  ins.,  increasing  in  width  toward  the  top.  The  outer  shell,  above 
the  shoulder,  is  9  ins.,  6  ins.,  and  5  ins.  thick,  respectively,  up  to  the 
cap,  in  sections  of  about  equal  height,  while  the  inner  shell  is  5  ins.. 
4j4  ins.,  and  4  ins.  thick,  respectively,  from  bottom  to  top,  in  corre- 
sponding sections. 

The  inner  shell  ends  4  ft.  below  the  cap  and  is  free  to  elongate  by 
Tieat  independently  of  the  outer  shell.  By  reference  to  the  sections  it 
will  be  seen  that  at  intervals  of  30  ins.,  measured  around  the  chimney, 
the  air-space  is  contracted  for  a  length  of  6  ins.,  and  reduced  to  a 
width  of  2l4  ins.  At  every  5  ft.  in  height  this  is  again  reduced  to  J4  ^^• 
by  the  introduction  of  a  concrete  brick  in  the  wall.     In  this  manner 


EXAMPLES  OF  RETAINING-WALLS,  DAMS,  ETC.         327 

the  oscillation  of  either  shell  independently  of  the  other  is  checked, 
and  the  outer  shell  may  sway  in  the  wind  54  ii^-  without  bringing  pres- 
sure upon  the  inner  shell. 

The  chimney  was  built  with  a  reinforcement  of  square,  cold-twisted 
steel  bars,  placed  vertically  and  horizontally  in  each  shell.  The  hori- 
zontal reinforcement  consists  of  rings  of  J^-J'*-  bars,  placed  at  intervals 
averaging  18  ins.  in  the  inner  shell  and  24  ins.  in  the  outer.  Vertical 
bars  of  ^4  in.  were  placed  i  ft.  apart  in  the  lower  third  of  the  stack 
above  the  flues,  2  ft.  apart  in  the  middle  section,  and  4  ft.  apart  in 
the  top  section  of  the  outer  shell.  In  the  inner  shell  J^-iJ^-  bars  were 
used,  spaced  about  3  ft.  apart  in  the  circumference  of  the  work. 

The  upper  4  feet  above  the  ornamental  cap  consists  of  a  shell  of 
concrete  but  2  ins.  thick,  reinforced  by  a  sheet  of  expanded  metal. 
The  decorative  cap,  7  ft.  high,  consists  of  28  blocks  molded  on  the 
ground  and  hoisted  to  position.  As  shown  by  the  drawings,  these 
blocks  are  hollow  and  are  formed  by  a  shell  of  2  ins.  of  concrete,  with 
stiffening  cross-partitions,  all  reinforced  by  %-in.  steel  rods,  embedded 
in  the  concrete.  Each  block  of  the  cap  weighs  1,250  lbs.,  and  the  en- 
tire cap  was  hoisted  and  set  in  three  days. 

The  original  design  of  the  chimney  contemplated  a  straight  shaft, 
15  ft.  in  diameter  throughout  from  the  base  up.  Subsequent  altera- 
tions in  the  plans  of  the  boiler-house  changing  the  relative  positions 
of  boilers  and  chimney,  necessitated  the  provision  of  two  flue-openings 
on  opposite  sides,  instead  of  one.  The  extra  opening  thus  provided 
would  have  materially  reduced  the  section  area  of  the  chimney  at  this 
point,  and  it  was  deemed  necessary  to  increase  the  diameter  to  18  ft. 
for  a  height  of  45  ft.  above  the  base. 

The  concrete  for  the  outer  shell  consisted  of  i  part  Portland  cement, 
2  parts  sand,  and  6  parts  crushed  granite,  and  that  for  the  inner  shell 
consisted  of  i  part  Portland  cement,  2  parts  sand,  and  4  parts  broken 
sandstone.  The  chimney  contains  approximately  20,000  cu.  ft.  of 
concrete,  and  850  barrels  of  cement  were  used  in  its  construction. 
The  steel  embedded  in  the  concrete  consists  of  10,000  lbs.  of  twisted 
bars,  and  4,000  lbs.  of  old  rails,  which  were  placed  12  ins.  apart,  in 
two  layers  in  the  base.  The  weight  of  the  chimney  is  approximately 
1,430  tons,  and  the  distributed  load  on  its  base  is  less  than  2  tons  per 
square  foot.    The  foundation  is  laid  in  a  heavy  river-gravel  stratum. 

Central  Lard  Co.,  Jersey  City,  N.  J. — In  1901  a  concrete-steel  chimney 
108  ft.  high  was  built  at  the  works  of  the  Central  Lard  Company  in 
Jersey  City,  N.  J.  The  general  construction  of  this  chimney  was 
substantially  the  same  as  that  of  the  Pacific  Electric  Railway  Com- 
pany, and  only  its  main  dimensions  and  a  few  of  the  special  details 
will  be  given.    The  chimney  is  108  ft.  high  above  the  top  of  the  foun- 
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dation  and  has  a  uniform  diameter  of  ii  ft.  4  ins.    The  flue  is  8  ft.  in 
diameter.    The  shell  is  double  from  a  point  5  ft.  above  the  foundation, 

7; 


Plan  of  fooling. 

Fig.   183. — Rein  forced-concrete   Chimney   for   Central   Lard   Company, 
Jersey  City,  N.  J. 

the  inner  shell  having  a  uniform  thickness  of  4  ins.  and  the  outer  shell 
varying  in  thickness  from  7  ins.  at  the  bottom  to  4  ins.  at  the  top,  the 
stepping-off  in  thickness  being  done  on  the  inside.     The  outside  of 
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the  inner  shell  and  the  inside  of  the  outer  shell  have  opposite  vertical 
ribs  or  buttresses  like  the  Los  Angeles  chimney.  The  reinforcement 
of  the  shells  consisted  of  circumferential  rings  and  vertical  bars  of 
twisted  square  steel.  The  foundation  construction  is  clearly  shown  by 
Fig.  183  and  differs  from  that  for  the  Los  Angeles  chimney  in  using 
twisted  rods  for  the  reinforcement  instead  of  steel  rails.  The  maxi- 
mum stress  in  the  concrete  was  350  lbs.  per  square  inch  compression. 
The  total  amount  of  concrete  used  in  the  chimney  was  4,974  cu.  ft,  of 
which  1,460  cu.  ft.  were  in  the  foundation  and  3,514  cu.  ft.  were  in  the 
stack  proper.  From  these  figures  the  total  weight  of  the  chimney,  at 
144  lbs.  per  cubic  foot  for  the  concrete,  is  found  to  be  362  tons.  The 
total  cost  of  the  chimney  was  $3,500.  The  plans  for  the  chimney  were 
made  by  the  Ransome  Concrete  Company  of  New  York  City. 

Pacific  Borax  Co.,  Constable  Hook,  N.  J. — The  chimney  of  Ransome 
concrete-steel  built  for  the  Pacific  Borax  Company  of  Constable 
Hook,  N.  J.,  in  1898  is  chiefly  interesting  because  of  the  fire-brick 
lining  used  for  the  hottest  zone  and  the  fact  that  the  coping  is  in 
one  piece  with  the  outer  shell,  while  the  two  shells  are  rigidly  con- 
nected by  a  solid  ring  at  the  top  of  the  chimney. 

La  Clede  Fire-brick  Co.,  St.  Louis,  Mo. — The  form  of  reinforcement 
designed  by  Mr.  Carl  Weber  of  St.  Louis,  Mo.,  consists  of  T  bars 
connected  at  intersections  by  means  of  special  sheet-metal  clamps,  and 
one  of  its  most  important  applications  has  been  in  the  construction  of 
a  concrete-steel  chimney  built  for  the  La  Clede  Fire-brick  Company 
of  St.  Louis,  Mo.  This  chimney  is  130  ft.  high  and  has  an  inside 
diameter  of  5  ft.  The  materials  used  in  its  construction  are  river  sand 
and  Portland  cement  reinforced  with  steel  T  bars  ij4X^J4X/'^  ^'^* 
Up  to  a  height  of  65  ft.  from  the  base  the  stack  consists  of  two  shells, 
the  outside  shell  being  6  ins.  thick  and  the  inside  shell  4  ins.  thick, 
with  an  intervening  air-space  of  3  ins.  In  the  concrete  mass  of  the 
outer  shell  are  20  vertical  steel  T  bars,  2  ft.  apart,  running  from  the 
foot  of  foundation  to  the  top  of  the  chimney,  while  10  steel  bars 
I  ft.Xi  in-X/^  J"-  ^^^  *"  the  same  manner  used  for  strengthening  the 
inner  shell.  Every  2^^  ft.  a  horizontal  ring  of  the  same  material  en- 
circles the  vertical  bars,  being  connected  to  them  by  steel  clamps. 
The  concrete-steel  base,  on  which  the  stack  rests,  20  ft.  below  ground- 
level,  is  5  ft.  deep  and  16  ft.  square,  and  is  built  on  solid  rock.  Above 
the  height  of  65  ft.  there  is  only  a  single  shell,  the  thickness  of  which 
tapers  off  in  proper  intervals  to  5  ins.,  4  ins.,  and,  finally,  3  ins.  The 
air-space,  directly  above  the  grade,  is  connected  by  four  square  open- 
ings with  the  outside  atmosphere,  allowing  the  air  to  enter,  which  at 
the  upper  terminal  point  of  the  inner  shell  will  force  itself  through 
specially  provided  inclined  pipes  into  the  shaft  of  the  chimney  proper. 
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The  forms  used  in  building  this  stack  were  made  of  wood,  forming 
rings  of  2j^  ft.  in  height  and  divided  into  six  sections  which  were  held 
together  by  iron  hooks.  In  operation  two  such  rings  were  used  for 
the  outside  and  the  inside  of  the  chimney,  while  properly  curved  3-in. 
molds  provided  for  forming  the  intervening  air  space. 

The  method  of  procedure  was  as  follows :  After  one  form  was  com- 
pletely filled  with  concrete,  properly  tamped  around  the  vertical  bars, 
the  second  form  was  placed  on  top  of  the  first,  and  likewise  filled  in 
with  concrete.  The  hooks  connecting  the  several  sections  of  the 
lower  forms  were  then  opened,  the  single  parts,  which  were  previously 
secured  with  ropes,  pulled  up  and  again  placed  on  top  of  the  last 
form,  which  remained  adhering,  and  so  on,  till  the  top  of  the  chimney 
was  reached,  two  rings  a  day  being  easily  completed.  A  very  light 
frame  staging  was  provided  on  the  inside  of  the  chimney  for  attaching 
the  ladders  and  supporting  a  pulley-beam,  used  to  hoist  material  by 
hand.  The  weight  of  the  whole  chimney  was  abput  120  tons  without 
footing.  Its  outside  surface  was  coated  with  a  cement  wash,  to  secure 
a  uniform  color. 

Railway  Ties. 

The  use  of  reinforced  concrete  cross-ties  has  been  limited  to  short 
sections  of  railway  track  where  they  have  been  placed  for  experimental 
purposes.  As  yet  the  experience  gainec^  has  been  too  limited  to  war- 
rant the  consideration  of  concrete-steel  ties  as  an  established  improve- 
ment, but  the  success  with  them  has,  on  the  other  hand,  been  sufficient 
to  hold  out  much  promise  to  railway  engineers  that  they  may  ulti- 
mately develop  into  a  satisfactory  substitute  for  wood  and  steel.  The 
ties  illustrated  are  among  those  which  have  given  the  most  satisfactory 
results. 

Kimball  Cross-tie. — The  tie  illustrated  by  Fig.  184  is  one  designed 
by  Mr.  A.  H.  Kimball,  M.  Am.  Soc.  C.  E.,  and  now  being  tested  on  a 
section  of  the  Pere  Marquette  Ry.  It  consists  of  two  rectangular 
blocks  of  concrete,  each  3  ft.  long  and  7X9  i'^s.  in  cross-section,  rigidly 
connected  by  two  steel  channels  which  extend  through  both  blocks 
from  end  to  end  and  bridge  the  i  ft.  8  in.  space  between  them.  These 
channels  are  placed  back  to  back  and  2  in.  apart.  Hard- wood  blocks 
3  ins.  thick  by  9  ins.  wide  and  18  ins.  long,  designed  to  cushion  shocks, 
distribute  pressure,  and  serve  as  spiking-blocks,  are  secured  to  the 
top  of  the  concrete  blocks  and  centered  with  regard  to  the  rail.  Cast- 
iron  sockets,  that  also  serve  to  space  the  channels,  are  molded  in  place 
in  the  concrete  and  serve  as  anchors  for  holding  down  the  wood  blocks. 
These  sockets  receive  suitable  bolts,  head  down,  which  extend  up 
through  holes  in  the  blocks  and  receive  nuts  which  are  screwed  down 
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into  concrete  bores  in  the  top  of  the  block  and  sealed  so  as  to  be  water- 
tight. Elm  plugs  set  on  end  of  grain  are  embedded  in  the  concrete 
to  receive  the  ends  of  the  spikes,  and  the  blocks  are  bored  for  the  same 
purpose.    The  exposed  portions  of  the  channels  between  blocks  are 


painted  with  a  neat  cement  grout.  The  concrete  is  made  either  with 
gravel  or  with  broken  stone,  both  of  lyi  in.  maximum  size;  the  proper- 
tions  of  the  mixture  are  as  follows: 


'Broken 
I  Stone. 

Portland  cement,  parts I        6 

Sand,  parts  I        3 

Aggregate,  parts   11 


Gravel. 


6 
14 
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The  estimated  cost  and  weight  of  each  tie  is  as  follows : 


Item. 

Cost. 

Weight, 
Lbs. 

Iron  and  Steel 

$0.58 
0.50 
0.12 

O.IO 

52 

374 

10 

Concrete    

Wood  blocks  

Royalty    

Total    

$1.30 

436 

Burbank  Cross-tie. — The  drawings  of  Fig.  185  illustrate  a  concrete- 
steel  tie  designed  by  Mr.  Burbank  and  used  on  the  Hecla  Belt  Line 
Railway  in  Bay  City,  Mich.,  since  May,  1903.  In  this  tie  the  concrete 
is  molded  around  two  metallic  members.  These  are  flat  bars,  the 
uppermost  of  which  is  twisted.  Wood  blocks  are  partly  embedded  in 
the  concrete  underneath  the  rails.  The  ends  of  the  top  plate  are 
carried  over  these  blocks  and  contain  punched  spike-holes.  The  ends 
of  the  lower  plate  have  four  pins  which  serve  to  lock  the  plate  into 
the  concrete.    The  other  details  are  clear  from  the  drawings. . 

Adriatic  Railway,  Italy. — The  drawing  of  Fig.  186  illustrates  the 
reinforced  concrete  cross-tie  which  has  been  tested  in  a  section  of 
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Fig.  185. — Concrete- steel  Railway  Tie,  Hecla  Belt  Line  Railway,  Michigan. 
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Fic.   186. — Reinforced-concrcte  Cross-tie,   Adriatic  Railway,  Italy. 
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track  near  Ancona  since  1900.  The  section  is  triangular  except  at  the 
rail  bearings,  where  it  is  rectangular.  These  ties  weigh  about  286  lbs. 
and  cost  from  $2.16  to  $2.40  apiece.  The  total  section  of  the  reinforc- 
ing>rods  is  about  3  sq.  ins.  The  other  details  are  shown  by  the 
drawings. 

Tunnel  Linings. 

The  use  of  concrete-steel  for  tunnel  lining  has  been  much  less  fre- 
quent than  the  use  of  unrein  forced  concrete.  In  most  instances  also 
where  concrete-steel  tunnel  lining  has  been  employed  the  reinforce- 
ment has  been  confined  to  the  roof-arch.  The  Aspen  Tunnel  described 
in  a  succeeding  paragraph  is  the  only  example  in  America  of  a  con- 
crete tunnel  lining  reinforced  in  both  the  side  walls  and  the  roof-arch, 
and  here  the  primary  idea  of  reinforcing  all  sides  of  the  lining  was 
due  to  the  advantages  which  the  heavy  steel  ribs  afforded  in  other 
respects  than  as  a  reinforcing  skeleton  pure  and  simple.  In  Europe 
there  has  been  practically  no  use  of  concrete-steel  for  lining  tunnels 
of  large  section,  although  it  has  been  highly  developed  for  subway  and . 
conduit  work.  This  is  possibly  due  to  the  intricacy  of  the  forms  of 
reinforcement  which  have  gained  the  greatest  vogue  in  Europe ;  a  wire 
network  or  rod  and  stirrup  skeleton  is  hardly  to  be  thought  of  under 
such  conditions  as,  for  example,  confronted  the  builders  of  the  Aspen 
Tunnel.  In  fact,  any  form  of  reinforcement  to  be  applicable  for  tun- 
nel lining  must  have  comparatively  few  members  of  rigid  section 
which  can  be  erected  in  large  units.  All  things  considered,  the  oppor- 
tunities for  securing  any  advantages  over  unreinforced  concrete  by 
using  a  concrete-steel  lining  are  probably  comparatively  few  in 
number. 

Op«ii-cut  Street  Tunnels. — In  constructing  parts  of  both  the  Boston 
Sub'vay  and  the  New  York  Rapid  Transit  Railway  concrete  tunnel 


Fig.  187. —  Section  of  Boston  Subway  with  Rod  Reinforcement  in  Roof. 
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sections  with  roof  reinforcements  were  employed.  These  sections  were 
constructed  in  open  cut.  Fig.  187,  showing  a  section  of  the  Boston 
Subway  crossing  under  Summer  Street  at  a  shallow  depth  requiring  a 
flat  roof,  illustrates  the  method  of  roof  reinforcement  employed.  It 
consists  simply  of  horizontal  bars  or  rods  carried  across  the  roof  at 
intervals  of  from  4  ins.  to  12  ins.     The  roof  reinforcement  adopted 


Fig.  iSS.—Section  of  Harlem  River  Tunnel,  New  York  City,  with  Bar 
Reinforcement  in  Roof. 


in  the  New  York  Rapid  Transit  Railway  was  somewhat  different  from 
that  used  in  the  similar  work  at  Boston  and  is  sufficiently  illustrated 
by  Fig.  188,  showing  a  section  of  the  land  portions  of  the  Harlem 
River  Tunnel.  From  this  section  it  will  be  observed  that  the  reinforce- 
ment consists  of  rods  bent  to  the  curve  of  the  arch  and  spaced  18  ins. 
apart  and  parallel  to  each  other.  A  more  typical  example  of  rein- 
forced concrete  tunnel  lining  is  shown  by  Fig.  189.  This  illustrates  a 
section  of  the  Battery  Park  loop  of  the  New  York  Rapid  Transit 
Railway. 

Aspen  Tunnel,  Union  Pacific  R.  R. — In  constructing  the  Le  Roy-Bear 
River  cut-off  on  the  Union  Pacific  R.  R.  in  1901  a  tunnel  5,900  ft. 
long  was  carried  through  the  Aspen  Ridge  near  Aspen,  Wyoming.  This 
tunnel  was  excavated  through  rock  and  was  designed  to  be  lined  with 
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Fig.  189.— Section  of  Battery  Park  Loop  of  New  York  Rapid  Transit 

Railway. 
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timber.  For  a  portion  of  the  tunnel, 
however,  the  rock  was  very  unstable, 
and  to  withstand  the  great  pressure 
developed  it  was  necessary  to  line  some 
713  it  with  a  stronger  construction. 
For  this  construction  a  concrete-steel 
lining  of  the  form  and  dimensions 
shown  by  Fig.  190,  was  adopted.  The 
steel  reinforcement  consists  of  parallel 
T-beam  ribs  spaced  from  12  ins.  to 
24  ins.  apart  according  to  the  pressure. 
The  T  beams  of  which  the  ribs  are 
made  are  12  ins.  deep  and  weigh  35  lbs. 
per  foot.  Each  rib  is  composed  of 
three  segments  connected  by  riveted 
fish-plates,  and  is  footed  on  cast- 
iron  shoes.  The  ribs  are  embedded 
in  concrete  which  reached  from  4  ins. 
to  6}i  ins.  inside  of  the  ribs  and  ex- 
tends backward  to  the  wall  of  the 
excavation,  a  distance  varying  from  2 
ft.  to  3  ft.  The  concrete  foundation 
extends  across  the  tunnel  in  a  thick 
mass  and  has  embedded  in  it  a  trans- 
verse reinforcement  of  old  railway 
rails.  All  concrete  was  composed  of  i 
part  Portland  cement,  3  parts  sand,  and 
6  parts  broken  stone.  The  amount  of  concrete  averaged  about  8.75 
cu.  yds.  per  lineal  foot  of  tunnel. 

Tunnel  Revetment. — In  Europe  concrete-steel  has  been  employed  in 
a  number  of  instances  in  the  revetment  of  tunnel  linings  and  the  water- 
proofing of  aqueducts.  Two  forms  of  construction  have  been  prac- 
ticed in  this  work;  in  one  the  revetment  is  attached  directly  to  the 
masonry  to  be  protected,  and  in  the  other  it  is  separated  from  the  old 
structure  by  an  air-space.  The  first  construction  is  considered  to  be 
the  most  economical,  but  it  has  the  disadvantage  of  suffering  any  dis- 
tortion which  occurs  in  the  original  masonry.  By  using  the  separate 
construction  this  danger  of  distortion  and  cracking  is  avoided,  and  any 
seepage  through  the  old  masonry  is  collected  in  the  air-space  and  can 
easily  be  drained  away.  The  cost  of  construction  is,  however,  some- 
what greater. 

Belt  Railway  Tunnel,  Vienna,  Austria, — In  1901  the  so-called 
Steudeltunnel  on  the  Vienna  Belt  Railway  was  revetted  with  an  in- 
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terior  lining  of  Monier  concrete-steel.  The  original  lining  of  the 
tunnel  was  of  brick  masonry  which  had  become  disintegrated  in  places 
and  was  otherwise  in  a  damaged  and  leaky  condition.  The  first  work 
was  to  remove  the  disintegrated  brickwork  and  to  fill  these  and  all 
other  voids  with  mortar  and  grout.  A  concrete  arch  reinforced  by  a 
Monier  network  was  then  built  inside  the  old  masonry.  This  arch  was 
made  8  cm.  (3.15  ins.)  thick  at  the  crown  and  1.5  dcm.  (5.9  ins.)  thick 
at  the  springing-lines.  The  reinforcement  consisted  of  10  mm.  and 
7  mm.  (0.4  in.  and  0.3  in.)  rods,  and  was  fastened  to  the  old  brick 
lining  by  hooks.  The  reinforcement  was  embedded  in  a  i-to-3  Port- 
land-cement mortar  rammed  close  against  the  old  masonry.  The 
tunnel  being  double-tracked,  only  one-half  of  the  arch  was  built  from 
the  springing- line  to  the  crown  at  one  time,  thus  leaving  one  track 
always  open  for  traffic.  The  revetment  had  a  superficial  area  of  309 
sq.  in.  and  cost  12,600  frs. 

Acker cs  Scwcr,  Paris,  France. — The  Acheres  sewer  of  Paris  at  one 
part  of  its  length  crosses  a  valley  on  masonry  arches  and  is  itself  con- 
structed of  stone  with  a  circular  section.  Owing  to  its  exposed  posi- 
tion the  expansion  and  contraction  due  to  changes  in  temperature 
caused  fissures  and  leakage,  and  to  remedy  the  leakage  a  revetment- 
of  Bonna  concrete-steel  was  applied.  The  interior  of  the  masonry 
sewer  was  first  rendered  smooth  and  of  true  profile  by  a  plaster  coat 
of  cement  mortar.  A  tube  of  sheet  lead  was  then  laid  down  against 
this  plastering  and  secured  in  place  by  a  cylinder  of  rectangular  net- 
work of  cruciform  bars — the  standard  Bonna  pipe  reinforcement. 
This  reinforcement  was  then  embedded  in  cement  mortar,  forming  a 
shell  3  cm.  (t.i8  ins.)  thick;  the  idea  of  this  construction  was  that  the 
reinforced  mortar  shell  would  provide  a  tight  lining  and  that  the  layer 
of  lead  between  the  old  masonry  and  the  revetment  would  allow  the 
former  to  expand  and  contract  without  causing  any  movement  in  the 
latter.  The  construction  has,  it  is  stated,  proven  perfectly  successful 
for  its  purpose. 

Borsang  Tunnel,  France. — Fig.  191  shows  the  method  of  reveting  a 
roadway  tunnel  adopted  by  Mr.  Hennebique  in  1898.  The  tunnel 
lining  was  of  stone  masonry  and  had  given  trouble  by  leaking.  At 
intervals  of  1.5  m.  (4.92  ft.)  arch-ribs,  two  bricks  wide  and  34  dcm. 
(13.3  ins.)  deep,  were  built  against  the  masonry  lining,  and  to  these 
ribs  the  concrete-steel  revetment  was  attached.  This  revetment  was 
made  up  of  thin  plates  reinforced  with  a  rectangular  network  of  bars 
and  cast  separately  ready  for  erection.  The  rein  forcing-bars  were 
of  such  length  that  they  projected  from  the  edges  of  the  plates,  which 
were  laid  as  shown  by  the  illustration  with  open  joints  and  so  that 
the  projecting  bars  lapped  by  each  other.    After  the  plates  were  bid 
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these  open  joints  were  filled  with  cement  mortar.  The  plates  were 
laid  up  by  means  of  rib  centers  spaced  1.5  m.  (4.92  ft.)  apart.  The 
construction  described  gave  a  cellular  lining,  from  the  cells  of  which 
the  water  leaking  through  the  trussed  lining  was  collected  by  drains. 

Bridge  Piers. 
ClybOQin  Place  Bridge,  Chicago,  111. — In  constructing  the  series  of  new 
bascule  bridges  across  the  Chicago  River  at  Chicago,  111.,   it  was 
planned  to  make  extensive  use  of  reinforced  concrete  in  the  pier  and 


Fig.  191. — Revetment  of  Masonry-lined  Tunnel  with  Reinforced  Concrete. 


abutment  construction.  One  of  the  most  important  of  these  bridges 
w^as  that  at  Clyboum  Place,  and  the  pier  and  abutment  construction 
of  this  structure  is  shown  by  Fig.  192.  It  will  be  observed  that  the 
pier  and  abutment  on  each  side  were  a  single  structure,  and  that  a  by- 
pass was  carried  under  each  to  provide  additional  waterway.  These 
facts  and  the  fact  that  the  short  arm  of  the  bascule  requires  a  suitable 
tail-pit  for  its  movement  account  for  the  peculiar  form  of  structure 
adopted. 

The  reinforcement  proper  is  confined  to  the  pier  and  the  bottom 
sheet  of  the  tail-pit  The  pier  reinforcement  consists  of  a  rectangular 
framework  consisting  of  two  chords  and  three  vertical  posts  set  ver- 
tical and  lengthwise  of  the  pier.  To  reinforce  the  bottom  sheet  of 
the  tail-pit  13  I  beams  10  ins.  deep  bent  to  curve  are  set  parallel  and 
4  ft.  apart  except  the  outermost  pair  on  each  side,  between  which  the 
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space  is  3  ft.  The  outermost  I  beam  on  each  side  is  15  ins.  from  the 
face-wall.  These  parallel  I  beams  are  connected  by  tie-rods  i  in.  in 
diameter  spaced  4  ft.  apart     Fig.  193  shows  the  details  of  the  rein- 
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Fig.  193. — Details  of  Reinforcement  for  Clybourn  Place  Bridge. 
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forcement  and  of  the  various  anchors  built  into  the  abutment  and 

pier.  The  concrete  used  was  composed  of  i  part  Portland  cement,  3 
parts  sand,  and  5  parts  of  ij4-in.  broken  stone. 

Perth  Amboy,  N.  J. —  Fig.  194  shows  the  details  of  the  concrete-steel 
bent  construction  adopted  for  a  railway  trestle  built  at  Perth  Amboy, 
N.  J.,  in  1902.  The  trestle  runs  over  coal  and  ore  stock  piles,  and  one 
of  the  reasons  influencing  the  selection  of  solid  bents  of  the  construc- 
tion shown  was  the  facility  which  they  afforded  in  keeping  different 
lots  of  ore  separate  and  their  resistance  to  damage  by  abrasion.  As 
will  be  readily  seen,  the  concrete  bents  are  simple  cross-walls  resting 
on  foundation  piles  and  carried  up  to  the  under  side  of  the  stringers. 
Cast-iron  boxes  are  fastened  to  the  top  of  the  wall  by  anchor-bolts 
set  in  the  concrete,  and  the  ends  of  the  wooden  stringers  are  notched 
to  fit  into  these  boxes.  The  trackwork  above  the  stringers  is  arranged 
in  the  ordinary  way,  with  cross-ties,  guard-stringers,  and  a  foot-walk. 

The  details  of  the  trestle  are  given  in  the  drawing.  The  structure 
i?  1,277  ^^'  ^^^Z  between  the  extreme  bents,  bents  being  placed  12  ft 
apart  on  centers,  and  rises  at  each  end  on  a  3  per  cent,  grade  from  a 
low-approach  embankment  to  a  normal  height  of  9  ft.  2  ins.  to  top 
of  rail,  corresponding  to  a  height  of  6  ft.  9J4  ins.  to  top  of  bents.  The 
stringers  are  each  a  double  timber  of  two  8X^6- in.  yellow-pine  sticks 
spaced  i  in.  apart  by  cast-iron  separators.  The  cast-iron  boxes  in 
which  the  ends  of  the  stringers  rest  are  anchored  by  i-in.  bolts  set  in 
the  concrete  of  the  bents.  These  boxes  have  the  object  of  protecting 
the  ends  of  the  stringers  from  the  weather.  The  stringers  are  anchored 
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at  both  ends  of  the  trestle,  and  owing  to  this  fact,  to  the  embedded 
rods,  and  to  the  stability  and  weight  of  the  concrete  bents,  no  longi- 
tudinal bracing  between  bents  was  necessary. 


End      Ctvvcition.  Lofigftwdlnol        SK^ion. 

Fig.  194. — Reinforced-concrete  Piers  for  Trestle,  Perth  Amboy,  X.  J. 


The  bents  themselves  arc  concrete  walls  12  ins.  thick  at  the  top 
and  16  ins.  at  the  ground  level.  The  top  of  the  wall  is  sloped  both 
ways  to  shed  water,  except  where  the  boxes  rest  on  it.  At  the  ground 
level  each  bent  spreads  out  to  form  a  footing  24  ins.  thick,  which  rests 
over  four  13-in.  piles  driven  about  25  ft.  through  marshy  and  made 
ground  to  firm  soil ;  the  piles  were  cut  off  one  foot  below  ground-level, 
and  the  concrete  footing  formed  over  and  around  them.  Steel  rcin- 
forcing-rods  were  embedded  in  the  concrete  of  the  bents  in  both  ver- 
tical and  horizontal  directions;  these  rods  are  Ransome  cold-twisted 
rods  of  J^-in.  square  steel.  As  will  be  seen  from  the  drawing,  the  ver- 
tical rods  are  arranged  in  two  vertical  planes  8  ins.  apart  in  the  direc- 
tion of  the  thickness  of  the  wall,  and  are  set  18  ins.  apart  in  each  row, 
being  staggered  in  the  two  rows.  The  object  of  the  rods  is  to  provide 
against  tension  in  the  concrete  due  to  longitudinal  traction  of  braked 
trains. 

The  bents  were  built  in  forms  made  of  J^-in.  dressed  lumber,  stiff- 
ened by  brace-pieces  and  bolted  across  at  the  ends.  The  inside  faces 
of  the  forms  were  well  soaped.  The  forms  were  allowed  to  remain  in 
position  about  forty-eight  hours.  The  concrete  used  in  the  bents  was 
composed  of  i  part  Portland  cement,  2  parts  sand,  and  4  parts 
broken  slag  from  a  lead  blast-furnace.  It  was  allowed  to  set  one 
month  before  the  trestle  was  put  into  use.  but  in  the  meantime  the 
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superstructure  had  been  placed.  The  ends  of  the  stringers  where  they 
rest  in  the  cast-iron  boxes  were  well  coated  with  "sludge,"  a  tarry 
residue  of  fuel-oil,  and  this  with  the  protection  afforded  by  the  boxes 
is  thought  to  insure  the  arrest  of  decay. 

Retaining-walls. 

Arch-bridge  Wing-walls,  Black  Lick,  0. — In  constructing  a  small 
Melan  arch  bridge  near  Black  Lick,  O.,  in  1902,  the  wing-walls  which 
confined  the  heavy  embankment  approaches  were  built  of  concrete 
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Fig.  195- — Rein  forced-concrete  Wing-walis  for  Arch  Bridge  at  Black  Lick, 

Ohio. 


reinforced  in  the  manner  shown  by  Fig.  195.  This  form  of  reinforce- 
ment has  been  patented  by  Mr.  Frank  A.  Bone,  of  Lebanon,  O.  The 
wing-walls  referred  to  vary  from  20  ft.  to  60  ft.  in  length  and  from  10 
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ft.  to  28  ft  in  height.  Fig.  195  shows  a  transverse  section  of  the  wall 
where  it  was  24  ft.  8  ins.  high.  The  masonry  of  the  wall  was  of  con- 
crete of  the  proportions  of  i)4  barrels  of  cement,  5^  cu.  yd.  of  sand, 
and  I  cu.  yd.  of  crushed  limestone,  with  one-third  of  the  whole  volume 
of  large-size<l  sound  freestone  embedded  in  the  concrete.  The  walls 
have  a  coat  of  plaster  on  each  side. 

The  steel  bents  shown  embedded  in  the  back  part  of  the  wall  were 
composed  of  plates  and  angles ;  were  placed  4  ft.  apart  throughout  the 
wall,  and  were  connected  together  at  the  bottom  with  2^2-m.  angle. 
The  bents  were  figured  strong  enough  to  sustain  safely  the  entire  ten- 
sile strength  in  the  wall  at  the  different  points ;  all  the  tensile  strength 
of  the  concrete  being  allowed  to  go  to  increase  the  margin  of  safety. 
Small  angle-brackets  were  riveted  to  the  bents  at  short  intervals  to 
prevent  any  tendency  of  the  bents  to  slide  through  the  concrete.  It 
will  be  noticed  that  the  size  of  the  upright  member  increases  as  it 
descends  the  wall,  corresponding  to  the  increase  of  the  strains.  The 
plate  in  this  member  also  acts  to  prevent  bulging  or  shearing  of  the 
wall. 

The  J4X4">"-  pl^ite  extending  diagonally  downward  toward  the  toe 
of  the  wall  is  an  anchor  to  prevent  any  upward  or  backward  move- 
ment of  the  metal  at  that  point  resulting  from  the  strains  to  which  the 
bent  is  subjected.  This  anchor-plate  is  twisted  one- fourth  way  round 
at  its  lower  end,  bringing  the  edge  to  the  observer.  The  plate  extend- 
ing down  along  the  heel  is  twisted  one-quarter  way  round  in  a  like 
manner. 

A  novel  form  of  mold  or  casing  was  used  for  the  back  part  of  the 
wall,  as  shown  in  Fig.  195,  by  overlapping  the  sheeting  to  form  the 
steps  shown.  These  steps  are  for  the  purpose  of  creating  friction  be- 
tween the  wall  and  the  material  retained.  The  foundation  of  the  wall 
is  on  solid  rock. 

The  principal  advantages  claimed  for  this  construction  are  that  the 
weight  of  the  retained  material  resting  on  the  heel  is  used  as  a 
force  to  keep  the  wall  in  its  normally  upright  position,  and  that  metal 
is  used  where  and  only  where  the  greatest  tensile  strains  come.  The 
front  part  of  any  good  masonry  wall  is  sufficient  to  bear  the  compres- 
sive strains.  With  the  use  of  steel  the  wall  may  be  made  much  lighter 
in  the  vertical  part  and  the  base  may  be  made  much  wider  in  propor- 
tion, without  danger  of  breaking  off.  The  whole  amount  of  masonry 
required  is  from  30  to  40  per  cent,  less  than  in  an  ordinary-shaped 
retaining-wall,  to  be  amply  safe  against  overturning,  bulging,  settling, 
or  sliding  on  the  base.  With  the  toe  of  the  wall  resting  on  a  firm  foun- 
dation it  is  evident  that  the  wall  to  be  overturned  by  the  pressure  of 
the  earth  from  behind  must  rise  upward  :n  the  back  part  together 
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-with  the  material  resting  on  the  heel  that  projects  back  of  the  vertical 
part  of  the  wall.  Therefore  the  weight  of  the  earth  on  and  vertically 
above  the  projecting  heel  multiplied  by  its  distance  from  the  fulcrum 
at  the  toe  gives  the  moment  of  the  resistance  to  the  overturning  of  the 
wall  exerted  by  the  earth  resting  on  said  heel.  To  prove  the  truth  of 
the  above  theory  the  inventor  made  numbers  of  experiments  with 
model  walls  of  similar  shape  with  dry  sand  as  the  retained  material, 
and  found  the  results  of  the  experiments  to  agree  well  with  the  theory. 
More  recent  designs  of  this  wall  use  plates  slightly  corrugated  for 
the  entire  steel  bent,  thus  dispensing  with  the  small  brackets  on  the 
sides  of  the  bent,  and  where  timber  foundations  are  used  the  bents  are 
connected  to  them  at  the  back  part  of  the  heel. 

Quai  Debilly,  Paris. — A  retaining-wall  of  unusual  magnitude  was 
built  at  the' Paris  Exposition  of  1900  to  support  the  sides  of  a  sunken 
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-Rein forced-concrete  Retaining-wall,  Quai  Debilly,  Paris. 


street  near  the  Gardens  of  the  Trocadero.    For  this  wall  the  Henne- 
bique  system  of  concrete-steel  construction  was  employed.    The  trench 
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for  the  street  is  made  up  of  two  slopes,  with  an  average  gradient  of 
25  per  cent,  meeting  in  a  level  of  about  98  ft.  The  rctaining-walls 
along  this  trench  are  divided  into  panels  averaging  6  m.  (19.7  ft) 
in  length,  and  each  of  these  panels  is  made  up  of  a  facing  from  the 
back  of  which  project  three  buttresses.  The  facing  and  buttresses 
are  connected  by  two  horizontal  beams.  Another  buttress  projects 
from  the  face  of  the  retaining-wall  and  is  located  a  certain  distance 
below  the  street  level.    This  construction  is  clearly  shown  by  Fig.  196. 

By  this  arrangement  of  horizontal  beams  the  retaining-wall  is 
assisted  in  sustaining  the  earth  by  the  weight  of  this  earth  upon  the 
horizontal  beams,  and  does  not,  as  in  ordinary  retaining  walls,  depend 
upon  its  weight  alone.  The  employment  of  the  two  separate  beams 
at  different  levels,  instead  of  one  of  the  same  total  width,  results  in 
largely  decreasing  the  thrust  of  the  earth  upon  the  vertical  face;  and 
by  this  arrangement  there  is  also  less  earth  to  move  in  building  the 
wall.  The  two  rear  beams,  however,  are  only  used  in  the  nine  panels 
on  each  side  of  the  98-ft  level,  as  beyond  that  tRe  height  of  the  wall 
is  so  small  that  the  second  beam  can  be  omitted. 

In  calculating  the  elements  of  this  wall,  an  angle  of  35  per  cent  was 
assumed  for  the  safe  slope  of  the  earth,  and  a  weight  of  112  lbs.  per 
cu.  ft.  was  taken  for  the  earth  itself.  For  each  lineal  meter  of  the 
wall  it  was  assumed  that  a  part  of  the  overturning  tendency  would  be 
counteracted  by  the  weight  of  the  earth  upon  the  rear  beam,  and  that 
the  corresponding  buttresses  would  work  in  tension;  while  the  other 
part  of  this  moment  would  be  met  by  the  resistance  to  compression 
of  the  front  buttresses  and  beams.  The  width  of  the  front  horizontal 
beam  was  fixed  by  assuming  a  safe  load  of  2,048  lbs.  per  sq.  ft  upon 
soil  of  this  nature ;  the  width  of  the  back  beams  was  figured  with  an 
average  factor  of  safety  exceeding  2,  in  calculating  the  moment  of 
stability  of  the  wall. 

The  embedded  metal-work  of  the  vertical  face  consists  of  two 
series  of  vertical  bars  combined  with  one  series  of  horizontal  bars, 
the  spaces  between  which  increase  towards  the  top  of  the  wall.  These 
vertical  bars  are  bent  over  at  right  angles  at  the  top  to  give  support 
for  a  coping  of  the  same  construction  as  the  facing.  The  illustrations 
show  the  construction  of  the  buttresses,  which  are  composed  of  in- 
clined bars,  tied  together  by  straps,  and  supported  by  horizontal  bars. 
The  horizontal  beams  are  made  up  of  bars  in  both  directions,  spaced 
five  bars  to  the  square  meter;  and  at  their  edges  these  beams  are 
further  strengthened  by  flanges.  The  concrete  us^d  was  made  by  hand, 
in  the  proportion  of  300  kilos  of  slow-setting  cement  to  i  cu.  m.  oi 
gravel  and  sand. 

Ingalls  Buildins,  Cincinnati,  0. — In  constructing  the  16-story  Ingalls 
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office  building  at  Cincinnati,  O..,  the  space  under  the  sidewalks  was 
utilized,  concrete-steel  retaining-walls  being  built  under  the  curb- 
lines  of  the  streets.  The  wall  on  the  south  side  and  part  of  the  west 
side  is  14  ft.  deep,  but  that  on  the  remainder  of  the  west  side  is  21  ft. 
deep.  These  retaining  walls  were  built  as  shown  by  Fig.  197  and  are 
braced  at  the  bottom  by  the  basement  floor  and  at  the  tops  by  girders 
running  back  to  the  wall  columns.  The  other  details  are  clearly 
shown  by  the  drawing^. 

Expansion- joints. — Provision  against  shrinkage  and  temperature 
cracks  is  necessary  in  retaining-walls  of  any  considerable  length.  In 
reinforced  walls  the  necessity  is  less  than  in  unrein  forced  walls,  since 
the  reinforcement  will  in  a  measure  at  least  take  up  the  internal 
stresses.  The  wall  may  in  fact  be  specially  reinforced  against  shrink- 
age and  temperature  stresses.  The  more  usual  practice,  however,  is 
to  provide  expansion- joints  to  allow  for  movement  and  to  localize  any 
cracking  that  may  result  from  expansion  and  contraction. 

In  their  specifications  for  concrete  work  the  American  Railway 
Engineering  and  Maintenance  of  Way  Association  stipulate  that  in 
all  exposed  work  of  unreinforced  concrete  there  shall  be  expansion- 
joints  at  intervals  of  from  30  ft.  to  50  ft. ;  in  reinforced  concrete  these 
intervals  may  be  materially  increased  at  the  option  of  the  engineer. 
The  method  of  constructing  these  joints  is  that  adopted  by  the  Illinois 
Central  R.  R.,  whose  specifications  in  this  particular  are  as  follows : 

Where  masonry  structures  are  more  than  100  ft.  in  lengfth,  such 
provision  for  expansion-joints  shall  be  made  as  may  be  specified  by 
the  engineer  of  bridges  or  his  assistants.  Generally  in  the  construc- 
tion of  large  arches,  or  of  smaller,  long  concrete  arches,  the  work  shall 
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Fig.  197. — Braced  Retaining- wall,  Ingalls  Building,  Cincinnati,  Ohio. 
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be  subdivided  into  sections  of  approximately  25  ft.  in  length,  each  sec- 
tion being  separated  from  the  adjacent  one  by  a  vertical  joint  extend- 
ing entirely  through  the  bench-walls,  arch  rings,  etc. ;  but  the  founda- 
tion-work shall  be  stepped  as  previously  explained,  and  made  in  one 
continuous  monolithic  mass.  Temporary  vertical  partitions  shall  be 
put  into  the  molds,  against  which  the  concrete  shall  be  thoroughly 
rammed,  where  arch  culverts  are  subdivided  into  short  len^^hs  as 
above  specified,  these  partitions  being  removed  as  each  section  is  com- 
pleted and  the  next  adjacent  section  being  rammed  against  the  con- 
crete already  constructed  and  set.  The  joints  thus  made  shall  not 
be  flushed  with  mortar,  nor  shall  any  attempt  be  made  to  make  the 
fresh  concrete  adhere  to  the  older  work,  but  a  small  beveled  strip  of 
wood  shall  be  set  in  the  angle  next  to  the  temporary  partition  so  as 
to  make  a  "V"  groove,  defining  the  joint  and  leaving  a  depth  of,  say, 
^  in.  on  the  finished  face  of  the  work,  it  being  the  intention  that  any 
contraction  shall  open  or  that  settlement  shall  effect  a  sliding  action 
at  such  vertical  joints,  rather  than  to  break  up  the  concrete*  in  the 
separate  sections. 
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Fig.  198. — Reinforced-concrete  Manhole  Cover,  Union  Subway^ 
New  York  City. 
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Manhole  Covers. 

The  use  of  reinforced  concrete  for  covers  for  sewer  and  subway 
manholes  has  been  quite  extended.  These  covers  are  of  various  forms, 
but  the  construction  always  consists  of  a  reinforcement  inserted  in  the 
tension  side  of  a  concrete  slab.  The  drawings  of  Fig.  198  show  the 
manhole  construction  employed  by  the  Union  Subway  Company  of 
New  York  City. 

Lighthouse. 

A  bold  example  of  reinforced-concrete  construction  is  furnished  by 
the  lighthouse  constructed  by  the  Russian  Government  to  mark  the 
canal  connecting  the  city  of  Nikolaief 
with  the  Black  Sea.  This  lighthouse  is 
40.3  m.  (132.2  ft.)  high  and  is  shown  in 
sectional  elevation  by  Fig.  199.  The  shaft 
is  hollow-cylindrical  in  cross-section  and 
decreases  in  diameter  from  the  bottom 
upward.  At  its  bottom  the  shaft  is  at- 
tached to  the  reinforced-concrete  founda- 
tion shown  by  Fig.  200  and  forms  struc- 
turally a  single  piece  with  it.  At  its  top  it 
carries  a  cylindrical  chamber  surmounted 
by  a  cylindrical  lantern-house  capped  by 
a  domed  roof.  These  are  also  connected 
monolithically  to  the  sl^aft,  so  that  the 
structure  from  foundation  to  lantern- 
house  is  a  single  piece  of  reinforced  con- 
crete. Inside  the  shaft  there  is  a  spiral 
stairway  also  constructed  in  one  piece 
with  the  shaft- walls. 

The  construction  of  the  foundation  is 
shown  by  Fig.  200,  which  gives  the  ar- 
rangement of  the  rein  forcing-bars  and 
stirrups.  The  walls  of  the  shaft  are 
reinforced  with  longitudinal  and  circum- 
ferential rods,  respectively  23  mm.  (0.91 
in.)  and  19  mm.  (0.75  in.)  in  diameter. 
The  arrangement  of  these  rods  in  the 
wall  is  shown  by  Fig.  201.  The  total 
weight  of  the  structure  is  348  tons,  ex- 
clusive  of   the   lantern   and   fittings.     A       Fig.  199.— Vertical 

brick  tower  of  the  same  dimensions  was         ?^    Concrete-steel 
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the  conditions  existing  the  cost  of  the  rein  forced-concrete  stnictarc 
was  found  to  be  40  per  cent,  less  than  one  of  masonry  or  steel. 

Dams. 

The  use  of  reinforced  concrete  for  constructing  dams  has  been 
exceedingly  limited,  if  we  except  the  use  of  steel  plates  or  of 
a  reinforced  revetment  simply  to  render  the  dam  impervious. 
A  dam  of  reinforced  concrete  constructed  for  a  small  water-power 
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FiG.  200. — Details  of  Lighthouse  Foundation. 

plant  at  Theresa,  X.  Y.,  is  shown  by  Fig.  202.  This  dam  is  built  of 
concrete  reinforced  with  Thacher  rods  and  expanded  metal;  it  is  120 
ft.  long  and  11  ft.  high  and  is  founded  on  solid  rock.  The  structure 
consists  of  a  series  of  solid  concrete  buttresses  12  ins.  thick  and  spaced 
6  ft.  apart  center  to  center,  and  of  a  reinforced  plate  supported  on  the 
inclined  tops  of  the  buttresses.  At  the  crest  the  plate  is  stiflFened  by  a 
reinforced  beam  6y^  ins.  in  section.    The  plate  was  made  of  concrete 
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composed  of  i  part  Portland  cement,  2  parts  sand,  and  4  parts  broken 
limestone;  the  toe  and  buttresses  were  made  of  a  1-3-6  mixture. 
The  buttresses  were  anchor-bolted  to  the  rock  by  3-ft.  ij4-in.  bolts. 
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Fig.  201.— Details  of  Lighthouse  Tower  Walls. 


The  drawing  shows  the  spacing  of  the  rods  and  their  dimensions.  The 
dam  is  so  constructed  that  the  resultant  pressure  falls  always  within 
the  base,  and  it  is  therefore  a  gravity  dam  under  all  heads  of  water. 


Fig.  202. — Concrete-steel  Dam  at  Theresa,  N.  Y. 


About  125  cu.  yds.  of  concrete  were  required  to  construct  the  dam. 
This  construction  has  been  patented  by  Ambursen  &  Sayles  of  Water- 
town,  N.  Y. 

The  drawings  of  Figs.  203  and  204  show  two  forms  of  concrete- 
steel  dams  designed  by  Mr.  H.  W.  Foster  of  Standish,  Me.,  the  design 
shown  by  Fig.  203  being  planned  for  a  water-power  development  at 
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Standish,  but  not  constructed.  In  designing  the  floor  of  this  dam 
the  slope  was  divided  into  four  nearly  equal  horizontal  sections.  The 
maximum  load  for  each  section  was  calculated  and  a  concrete-steel 
slab  designed  for  that  load.    The  slab  (considered  as  a  whole)  was 
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Fig.  203. — Design  for  Concrete- steel  Dam. 


uniformly  tapered  from  11  ins.  in  thickness  at  the  bottom  to  4  ins. 
at  the  top,  and  reinforced  with  sufficient  steel,  varying  in  size,  to  fur- 
nish a  resistance  in  each  section  as  nearly  as  possible  proportional  to 
the  load  for  that  section.  The  carrying-rods  were  spaced  4  ins.  cen- 
ter to  center,  and  the  distributing- rods  12  ins.    The  piers,  which  were 
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Fig.  204. — Design  for  Concrete-steel  Dam. 

designed  to  be  of  boulder  concrete,  were  spaced  12  ft.  center  to  center, 
and  were  2.5  ft.  in  thickness.  It  will  be  seen  that  a  rein  forced-con- 
crete beam  is  introduced  at  the  crest  of  the  dam  to  provide  additional 
strength  at  this  point,  in  order  to  resist  the  shock  due  to  the  passage 
of  floating  material  over  the  dam.  The  probable  cost  of  this  form  of 
dam  is  somewhat  less  than  80  per  cent,  of  that  for  a  solid  gravity  dam 
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with  the  same  factor  of  safety.  A  form  of  construction  somewhat 
more  economical  in  the  use  of  cement  and  steel  is  shown  by  Fig.  204, 
in  whkfa  concrete-steel  beams  of  uniform  cross-section  but  unequal 
spacing^  are  introduced  in  connection  with  a  thin  concrete-steel  floor 
in  place  of  the  single  slab,  as  in  the  former  design.  This  form  of  con- 
struction is  probably  not  more  economical,  in  this  instance,  than  the 
first,  as  the  increased  cost  of  the  forms  would  nearly  balance  the 
saving  in  cement  and  steel. 


PART  III 

METHODS  OF  CONSTRUCTION 


CHAPTER  XII.— MATERIAL   EMPLOYED   IN  THE   FABRI- 
CATION OF  REINFORCED  CONCRETE. 

The  component  materials  of  reinforced  concrete  are  iron  or  steel 
and  Portland  cement  concrete.  The  qualities  which  these  materials 
should  possess  when  employed  separately  have  through  long  study 
become  familiar  to  engineers.  For  use  in  combination  it  is  necessary 
that  certain  properties  of  concrete  should  be  emphasized  and  that 
the  metal  should  have  special  forms  adapted  to  the  special  duty  that 
it  has  to  perform. 

Concrete. 

Those  properties  of  concrete  a  knowledge  of  which  is  chiefly  essen- 
tial in  calculating  and  designing  constructions  in  reinforced  concrete 
have  been  discussed  in  Chapter  I.  The  qualities  which  a  concrete 
should  have  in  addition  to  those  there  specified  will  now  be  discussed 
briefly  from  the  standpoint  of  the  builder  and  user  rather  than  from 
that  of  the  designer. 

Quality. — Save  in  exceptional  cases  Portland  cement  alone  is  em- 
ployed for  reinforced  concrete.  The  aggregates  used  with  the 
cement  are  sand  and  broken  stone  or  gravel.  The  only  exceptions  to 
this  practice  are  the  use  of  cinders  and  crushed  slag  with  Portland 
<:ement  for  certain  forms  of  fire-resisting  floor  construction  and  the 
use  in  Europe  of  a  quick-setting  natural  cement  for  manufacturing 
cast  pipe  reinforced  by  a  metal  skeleton.  These  examples  of  special 
practice  are  considered  elsewhere;  here  only  stone  and  gravel  mix- 
tures are  discussed.  For  these  only  the  best  qualities  of  materials 
are  allowable  in  concrete-steel  work,  and  their  proportioning  and 
admixture  must  be  so  controlled  as  to  produce  a  concrete  which  is 
sound,  homogeneous,  and  strong  to  an  exceptional  degree.  When 
used  as  a  substitute  for  stone  masonry  in  massive  walls,  piers,  and 
foundations  concrete  may  suffer  local  disintegration  or  have  local 
weaknesses  without  serious  damage  to  the  integrity  of  the  structure 
as  a  whole.  The  case  is  different  when  it  is  used  as  a  beam  or  column 
in  place  of  steel  or  timber.    Here  local  weaknesses  due  to  unsoundness 
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or  want  of  homogeneity  are  elements  of  positive  danger  in  the  struc- 
ture. To  the  experienced  engineer  these  facts  need  no  emphasis, 
but  nowadays  the  widespread  use  of  concrete  places  its  manufacture 
in  the  hands  of  many  who  are  not  engineers,  and  the  fact  that  concrete 
will  endure  a  large  amount  of  mishandling  and  still  serve  fairly  well 
its  purpose  for  ordinary  masonry  work  is  likely  to  give  the  impression 
that  it  can  be  mishandled  safely  when  used  for  reinforced  beams  and 
arches.  This  is  not  the  case.  Excellence  of  materials  and  manufac- 
ture is  quite  as  important  an  element  in  producing  a  serviceable  and 
durable  concrete-steel  structure  as  is  excellence  in  design.  In  fact  a 
poor  design  is  more  safely  allowable  for  such  a  structure  than  are 
poor  materials  and  workmanship.  In  receiving  this  caution  against 
poor  materials  and  workmanship  it  should  not  be  misinterpreted  to 
mean  that  impracticable  refinements  of  manufacture  are  necessary 
for  good  results.  This  is  far  from  the  actual  fact.  Only  the  ordinary 
standards  of  excellence  are  demanded.  These  are  given  in  all  the 
leading  text-books  on  cements  and  masonry  work,  and  the  reader  is 
referred  to  those  books  for  detailed  information.  An  idea  of  what  is 
considered  g<5od  practice  in  this  respect  may  also  be  obtained  from 
representative  specifications.  In  insisting  upon  the  need  of  a  high- 
quality  mixture  for  rein  forced-concrete  work  care  should  be  taken 
not  to  carry  the  demand  to  extremes.  To  demand  for  a  floor-filling 
a  concrete  equal  in  quality  to  that  in  the  reinforced  plate,  or  for  a 
bridge  abutment  a  mixture  as  rich  as  that  in  the  arch  ring,  is  usually  ' 
unnecessary  for  the  stability  of  the  structure  and  is  poor  engineering. 
This  is  a  structural  principle  which  has  been  well  worked  out  in 
the  practice  of  European  engineers  of  concrete-steel  work.  As  an 
example,  in  building  the  Melan  arch  at  Laibach,  Austria,  described 
on  pp.  253  to  255,  the  heavy  abutments  were  begun  with  a  1-14 
concrete  and  the  mixture  was  gradually  increased  in  richness  to  a 
1-3-5  concrete  at  the  top. 

Composition. — The  composition  of  the  concrete  used  in  concrete- 
steel  construction  varies :  In  Monier  construction  a  mortar  composed 
of  I  part  Portland  cement  and  3  parts  sand  is  used  for  thin  plates  for 
floors,  conduits,  tanks,  etc.,  and  a  mortar  composed  of  i  part  Port- 
land cement  to  4  or  4^/2  parts  of  sand  is  used  for  arch  bridges  and 
similar  heavy  work.  Some  others  of  the  European  construction  use  a 
mixture  of  cement  and  sand  only,  but  the  greater  number  employ  a 
true  concrete  of  cement,  sand,  and  broken  stone  or  gravel.  In  the 
United  States  concrete  is  employed  almost  exclusively.  The  pro- 
portions adopted  are  1-2-3;  i-i>^-4;  1-2-4,  and  1-3-5.  The  most 
common  mixtures  are  1-2-4  and  1-3-5,  ^^^  there  is  no  uniformity  of 
practice  and  apparently  no  settled  opinion  as  to  the  best  mixture  for 
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general  use  or  for  special  classes  of  construction.  In  the  descriptions 
of  various  structures  given  in  the  preceding  section  the  composition 
of  the  concrete  has  been  stated  in  each  case. 

Coiudstency. — In  the  United  States  wet  mixtures  are  now  almost 
universally  employed  for  concrete-steel  construction.  This  choice 
is  dictated  largely  by  practical  considerations.  With  the  amount  of 
care  which  it  is  ordinarily  practicable  to  secure,  a  more  dense  and 
homogeneous  concrete  is  obtained  with  a  wet  than  with  a  dry  mixture. 
It  is  also  practically  necessary,  in  order  to  insure  the  thorough  embed- 
ding of  the  reinforcement,  that  the  concrete  be  wet  enough  to  flow 
readily  under  moderate  ramming  into  all  the  interstices  of  the  metal 
skeleton.  This  quality  is  particularly  desirable  when  the  reinforcing 
elements  are  of  small  size  and  are  closely  spaced.  These  practical 
advantages  of  wet  mixtures  for  reinforced  concrete  are  held  by  experi- 
enced engineers  generally  to  be  sufficient  to  overbalance  such  objec- 
tions to  them  as  actually  or  theoretically  exist.  In  this  connection  it 
must  be  remembered  that  the  fear  once  anticipated  that  a  serious  loss 
of  strength  would  result  from  the  use  of  an  excess  of  water  has  been 
shown  to  be  largely  unwarranted.  The  most  complete  and  trustwor- 
thy experiments  to  determine  the  relative  strengths  of  dry  and  wet 
mixtures  are  those  made  by  Mr.  Geo.  W.  Rafter,  M.  Am.  Soc.  C.  E., 
in  1896,  for  the  State  Engineers  Office  of  New  York.  Mr.  Rafter 
made  12-in.  cubes  of  dry,  plastic,  and  wet  mixtures.  In  the  dry 
blocks  the  mortar  was  only  a  little  more  moist  than  damp  earth;  in 
the  plastic  blocks  the  mortar  was  of  the  ordinary  consistency  used  by 
masons;  in  the  wet  blocks  the  water  was  so  far  in  excess  that  the 
concrete  quaked  like  liver,  under  moderate  ramming.  The  resulting 
average  compressive  strengths  of  the  three  sets  of  blocks  were  as 
follows : 

Dry  mixture 156  blocks,  2,470  lbs.  per  sq.  in. 

Plastic   mixture 144     "       2,294   "      "     "    " 

Wet  mixture 148     "       2,180   "      "    "    " 

The  blocks  tested  were  all  from  18  to  24  months  old. 

European  builders  in  reinforced  concrete  are,  as  a  rule,  advocates 
of  a  dry  mixture,  but  they  acknowledge  its  permissibility  only  in 
case  the  deposition  and  compacting  are  performed  with  exceeding 
care. 

Permeability. — Resistance  to  the  percolation"  of  water  is  desirable 
in  all  concrete  work  and  is  an  important  essential  in  tanks,  reservoirs, 
conduits,  subways,  and  other  structures  designed  to  carry  liquids  or 
to  prevent  their  infiltration  into  an  enclosed  space.     A  number  of 
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experiments  have  been  conducted  to  determine  the  practicability  of 
making  concrete  impermeable  to  water.  In  these  experiments  the 
object  sought  has  been  either  the  determination  of  a  mixture  of  cement 
and  aggregates  that  would  resist  the  percolation  of  water  or  the  dis- 
covery of  a  substance  which  by  admixture  with  the  concrete  materials 
would  render  the  hardened  product  impermeable. 

The  elaborate  tests  of  Mr.  R.  Feret  of  the  Boulogne  Laboratory  of 
the  Fonts  et  Chaussees,  extending  over  five  years,  led  him  to  the  fol- 
lowing conclusions : 

That  in  all  mortars  of  granulometric  composition  the  most  per- 
meable are  those  which  contain  the  least  quantity  of  cement 

Of  all  mortars  of  the  same  richness,  but  of  varying  granulometric 
composition,  those  which  contain  very  fine  grains  are  much  more 
permeable.  They  are  the  more  so  where,  with  equal  proportions  of 
the  fine  grains,  the  coarse  grains  predominate  more  in  relation  to  the 
grains  of  medium  size. 

The  minimum  permeability  is  found  in  mortars  where  the  propor- 
tion of  medium-size  grains  is  small,  and  the  coarse  and  fine  grains  are 
about  equal  to  each  other. 

Mr.  Feret's  experiments  also  showed  that  the  permeability  of  mor- 
tars submitted  to  a  continuous  filtration  of  fresh  water  or  sea  water 
diminished  rapidly  with  time.  He  also  recommends  using  a  too-large 
rather  than  a  too-small  quantity  of  mixing  water. 

A  series  of  experiments  made  by  Mr.  A.  W.  Hyde  and  W.  J.  Smith 
in  1889  on  the  permeability  of  mortar  sand  concrete  showed  that  with 
the  same  proportions  of  cement,  mortars  made  with  fine  sand  are  less 
permeable  than  those  made  with  coarse  sand;  that  with  the  same 
quality  of  sand,  permeability  decreases  as  the  proportion  of  cement 
increases;  that  mortar  made  with  neat  cement  is  less  permeable  than 
any  cement  and  sand  mortar. 

A  third  set  of  tests  to  determine  the  permeability  of  concrete 
under  high-water  pressure  show  results  which  are  in  general  similar 
to  those  already  stated.  These  tests  were  made  by  Mr.  J.  B.  Mc- 
Intyre  and  A.  L.  True  at  the  Thayer  School  of  Civil  Engineer- 
ing in  1902,  using  i-i,  1-2,  and  1-3  Portland  cement  and  sand 
mortars.  The  conclusions  drawn  from  these  experiments  were  as 
follows : 

From  the  tables  it  will  be  seen  that  several  of  the  mixtures  were 
practically  impermeable  to  water  at  the  pressures  which  we  had  at  our 
disposal,  nearly  from  20  to  80  lbs.  per  square  inch. 

All  the  specimens  composed  of  1:1  mortar  in  the  proportion  of 
30,  35,  40,  and  45  per  cent,  of  the  whole  mass  were  impermeable. 
Some  of  the  specimens  composed  of  i  :2  mortar  in  the  proportions  of 
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40  and  45  per  cent,  were  also  impermeable,  as  well  as  the  mixture  of 
I  :2 :4  and  i  :2j4  :4. 

All  others  leaked  at  the  high  pressure,  and  in  a  general  way  may 
be  said  to  have  shown  a  degree  of  imperviousness  in  direct  propor- 
tion to  the  proportion  of  mortar  in  them,  with  the  lower  presstires, 
as  well  as  with  80  lbs. 

In  a  number  of  instances  it  has  been  found  that  water  percolating 
through  concrete  absorbed  lime  in  its  passage  which  was  deposited 
on  the  exterior  surface  of  the  concrete  in  the  form  of  an  efflorescence 
that  acted  as  a  very  perfect  seal  against  further  percolation.  These 
experiences  have  been  taken  by  a  number  of  engineers  as  the  basis 
for  a  theory  that  slacked  lime  added  to  the  concrete  mixture  would 
serve  to  make  it  impermeable.  Mr.  R.  W.  Lesley,  Assoc.  Am.  Soc. 
C.  E.,  advocated  this  practice  in  a  discussion  before  the  American 
Society  of  Civil  Engineers  in  the  following  words : 

The  speaker's  theory  and  conclusions,  based  upon  all  that  has  been 
discovered,  and  especially  upon  Fcret's  remarkable  experiments,  would 
seem  to  indicate  that  the  best  addition  to  cement  mortars  for  the  pur- 
pose of  making  them  impermeable,  according  to  the  theory  of  an 
exterior  coating  by  lime  carried  through  the  mass  during  filtration, 
would  be  to  add  to  the  concrete,  at  the  time  of  mixing,  a  reasonable 
proportion  of  hydrate  of  lime,  or,  in  other  words,  the  ordinary  slaked 
lime  of  commerce.  This  slaked  lime,  as  has  been  shown  by  experi- 
ments of  the  late  Professor  De  Smedt,  formerly  of  the  Laboratory  of 
the  District  of  Columbia,  does  not  injure  cements  or  mortars;  does 
not  cause  expansion;  and  does  not  decrease  their  strength,  though 
retarding  their  setting  slightly.  Such  an  addition  would  be  perfectly 
safe,  as  a  matter  of  practice,  and  would  form  in  the  mass  a  substance 
which  would  be  carried  by  filtration  and  close  the  pores,  form  efflores- 
cence or  stalactites  and  stalagmites  on  the  surface,  and,  in  the 
speaker's  judgment,  though  he  knows  of  no  experiments  on  the  sub- 
ject, would  aid  largely  in  making  mortars  impermeable.  Experiments 
in  this  line  would  be  most  valuable. 

Other  substances  which  have  been  mixed  with  the  concrete  mate- 
rials to  render  the  hardened  product  impermeable  to  water  are  silicate 
of  soda  or  water-glass  and  soap  and  alum.  Experiments  conducted  by 
Prof.  W.  K.  Hatt  to  determine  the  effect  of  these  substances  on  con- 
crete gave  the  following  results : 

The  effect  of  silicate  of  soda  is  to  diminish  the  strength  of  both  ash 
and  sand  mortars  more  than  50  per  cent.,  and  to  diminish  the  absorp- 
tion of  the  ash  mortars  about  50  per  cent.  The  effect  of  alum  and 
soap  mixed  in  with  the  mortar  at  the  time  it  is  gaged  is  to  strengthen 
and  harden  the  ash  mortar  about  50  per  cent,  and  to  diminish  its 
absorption  by  50  per  cent.  A  soap  solution  alone  will  diminish  the 
absorption  (by  the  action  of  the  alkali  in  the  cement  on  the  soap),  but 
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will  not  increase  the  strength.  The  strength  of  the  sand  mortar  is  not 
greatly  affected  by  the  soap  and  alum,  but  its  absorption  is  decreased 
about  50  per  cent.  The  effect  on  the  absorption  was  measured  by  com- 
parison of  the  weight  of  water  taken  up  by  briquettes  which  were 
immersed  after  having  been  dried  out.  Check  tests  were  made  by 
measuring  the  water  which  percolated  from  the  outside  through  the 
walls  of  hollow  cylinders.  The  speaker  believes  that  this  is  the  first 
use  of  a  soap  and  alum  solution  for  waterproofing,  in  place  of  the 
usual  gaging  water.  The  method  used  by  the  speaker  is  as  follows: 
A  5  per  cent,  solution  of  ground  alum  and  water  is  prepared,  and  a 
7  per  cent  solution  of  soap  and  water.  The  alum  solution  is  mixed 
with  the  mortar  to  the  amount  of  one-half  the  ordinary  gaging  water. 
The  soap  solution  is  then  applied  in  amount  to  bring  the  mortar  to  the 
desired  plasticity.  The  soap  and  alum,  acting  together,  cause  the  pre- 
cipitation of  an  insoluble  compound  in  the  pores  of  the  mortar. 

Metal. 

The  theoretical  considerations  governing  the  quality  of  the  metal  to 
be  selected  for  the  reinforcement  of  concrete  are  discussed  in  the 
opening  chapter  of  this  book.  Here  reference  wnll  be  made  only  to  the 
character  of  the  metal  used  in  practice,  and  to  the  forms  in  which  Jiis 
metal  is  employed.  In  Europe  quite  general  use  is  made  of  wrought 
iron  for  reinforcing  concrete.  The  quality  of  metal  used  has  a  tensile 
strength  of  from  32  to  36  kilograms  per  square  millimeter  (45,500  to 
51,200  lbs.  per  sq.  in.)  and  an  elongation  of  from  8  to  12  per  cent  in  a 
length  of  20  centimeters.  Steel  is,  however,  employed  in  many  Euro- 
pean systems  of  concrete-steel.  A  soft  steel,  having  a  tensile  strength 
of  from  42  to  50  kilograms  per  square  millimeter  (59,700  to  71,100  lbs. 
per  sq.  in.)  and  an  elongation  of  from  20  to  24  per  cent  in  a  length 
►  of  20  centimeters  (7.87  ins.),  is  generally  used.  In  the  United  States 
steel  is  universally  used  for  reinforcing  concretes,  but  the  quality  of 
metal  chosen  by  different  builders  varies  from  soft  structural  steel  to 
steel  wire  and  strong  high-carbon  steel.  The  metal  is  also  employed  in  a 
variety  of  special  forms  which  are  unusual  in  European  practice,  which 
favors  the  use  of  rounds,  tees,  channels,  straps,  and  other  commercial 
shapes.  The  succeeding  paragraphs  describe  and  illustrate  the  prin- 
cipal forms  of  metal  reinforcement  employed  in  concrete-steel  work. 

Monier  Netting. — Monier  reinforcement  consists  of  a  netting  of  rods 
and  wires,  with  rectangular  m?shes.  Both  wrought  iron  and  steel 
are  employed.  The  two  sets  of  jiarallel  rods  are  known  respectively 
as  carrying-rods  and  distributing-rods.  The  carrying-rods  are  the 
larger  and  are  depended  upon  to  take  most  of  the  tensile  strain:  the 
smaller  distributing-rods  serve  to  distribute  the  load  evenly  over  the 
carrying-rods.  The  distance  apart  of  the  rods  is  varied  with  the  load 
to  be  carried,  and  it  runs  in  round  figures  from  2  ins.  to  10  ins.    Rcla- 
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tively  the  distributing-bars  are  spaced  about  twice  as  far  apart  as  are 
the  carrying-bars.  The  two  sets  of  rods  are  wired  together  at  every 
third  or  fourth  intersection.  This  form  of  netting  is  built  up  by  hand 
from  commercial  bars  and  wires,  and  appears  when  completed  as 
shown  by  Fig.  i. 

Expanded  Metal.— Expanded  metal  is  manufactured  from  structural 
steel  plates  by  piercing  them  with  parallel  rows  of  slits  and  then 
expanding  or  stretching  open  the  gashes  until  the  metal  assumes  the 
form  shown  by  Fig.  2.     The  material  and  the  method  of  manufac- 
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Fig.  I. — Monier  Netting. 


Fig.  2. — Expanded  Metal. 


turing  it  were  invented  by  J.  F.  Golding.  The  metal  used  is  a 
high-grade  low-carbon  Bessemer  steel.  From  tests  made  on  com- 
mercial stock  by  Mr.  George  Hill,  M.  Am.  Soc.  C.  E.,  the  following 
figures  are  available:  Carbon  content  0.008  per  cent.  Unannealed 
specimen  tested  in  tension  parallel  with  the  grain  showed  a  tensile 
strength  of  about  65,000  lbs.  and  an  elastic  limit  of  about  30,000  lbs. 
per  square  inch,  with  an  elongation  of  15  per  cent,  in  8  ins.  Tests 
made  of  strands  of  metal,  which  had  been  embedded  in  a  floor  tested 
to  rupture,  showed  an  average  ultimate  strength  of  54,240  lbs.  per 
square  inch.  Expanded  metal  is  commercially  designated  by  giving 
the  gage  of  the  steel  and  the  amount  of  displacement  between  the  junc- 
tion of  the  meshes;  thus  No.  10,  3-in.  mesh,  designates  an  expanded 
metal  made  from  No.  10  steel,  in  which  the  displacement  of  the  bridge 
amounts  to  3  ins.,  the  axis  of  the  diamond  being  2)4  ins.  and  6  ins. 
When  expanded  this  size  and  mesh  weighs  0.56  lb.  per  square  foot 
and  has  a  sectional  area  per  foot  width  of  0.168  sq.  in.  and  per  inch 
width  of  0.014  sq.  in.  The  largest  size  of  expanded  metal  is  made 
from  No.  4  plate  with  5X^2  in.  meshes,  and  the  smallest  size  is  made 
from  No.  2J  plate  with  5^ -in.  meshes.  The  expanded  plates  are  uni- 
formly 8  ft.  long  and  vary  in  width  from  i  ft.  to  6  ft. 

Electrically  Welded  Wire  Fabric. — ^This  form  of  reinforcement  con- 
sists of  longitudinal  and  transverse  galvanized  steel  wires  welded  to 
each  other  at  intersections.    It  is  manufactured  in  continuous  sheets 
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of  any  desired  length  and  varying  in  width  up  to  8}4  ft.  by  the  Clinton 
Wire-cloth  Company  of  Clinton.  Mass.  The  following  information 
regarding  the  material  is  furnished  by  the  manufacturers: 


Size 
per  W. 
&M. 
Gage. 


Diam-  ^\ti^^    Tensile 


per 
Lineal 


eter  of 

'inches.  I  °f,.Vne 
'Pounds 


Strength  , 
of  One    j 
Wire, 
Pounds. 


Tensile  Strength  of  Lorgtudinal  Wires  Only, 

in  1  Foot  of  Width  of  Fabric,  when 

spaced  as  follows : 


3-in  . 
Pounds. 


Pounds. 

Pouncis. 

11,196 

8,397 

9.568 

7.176 

8,076 

6.057 

6,952 

5,214 

5,904 

4,428 

4.948 

3,711 

4,144 

3.108 

3.436 

2.577 

-2,736 

2,052  , 

2,100 

1,575 

Pounds. 


6-in.. 
Pounds. 


No. 


■  243 
.225 
.207 
.192 

.177 
.162 
.148 

■  135 
.120 
.105 


.158  ' 
■  135  ' 
.114  I 
.098 
.083 
.070  I 
.058 
.048 
.038 
.029  I 


2,799 

2.392 

2,019 

1.738 

1.476 

1.237 

1,036 

•859 

.684 

■525 


16,794 

14.352 

12,114 

10,428 

8,856 

7,422 

6.216 

5,154 

4,104 

3.150 


6,717 
5.740 
4,845 
4,171 
3.542 
2.968 
2.486 
2.061 
1. 64 1 
1,260 


5.598 
4.784 
4.OJ8 
3476 

2.95-2 

2474 
2,072 

1. 718 
1.368 
1.050 


Longitudinal  strands  may  be  spaced  on  centers  of  2  ins,  or  wider, 
the  increase  running  in  steps  of  J^  in.  Transverse  strands  may  be 
spaced  on  centers  of  i  to  20  ins.  inclusive,  in  steps  of  1  in.  When 
longitudinal  and  transverse  strands  are  of  the  same  size,  No.  6  wire 
is  as  heavy  as  it  is  advisable  to  specify;  but  if  heavy  wire  is  required 
in  one  member  only  (either  longitudinal  or  transverse  strands),  can 
furnish  No.  3  to  No.  12  inclusive  in  combination  with  No.  8  to  12 
inclusive.  Can  furnish  various  widths,  the  maximum  in  a  fabric  of 
5  ins.  or  wider  spaced  longitudinal  being  Syi  ft.;  but  if  longitudinals 
are  spaced  on  centers  of  43/2  ins.  or  narrower,  it  is  21  meshes  of  the 
desired  size  plus  whatever  overhang  appears  in  the  transverse  strands. 
Transverse  strands  must  project  at  least  J/i  in.  beyond  the  two  outside 
longitudinals,  and  they  may  be  as  much  longer  as  required. 

Lock  Woven- wire  Fabric. — This  form  of  reinforcement  consists  of 

a  netting  of  transverse  and  longitudinal 
galvanized  steel  wires  with  a  lock- wire 
tie  at  each  intersection.  The  character 
of  this  lock  tie  is  shown  by  Fig.  3.  The 
fabric  is  made  in  rolls  56  ins.  wide  and 
300  ft.  long,  of  any  gage  wire  and  any 
size  of  mesh  required.  The  component 
wires  have  an  ultimate  strength  of  116,- 
000  lbs.  per  square  inch.  The  material 
-Lock  Woven-wirc  '^  furnished  by  W.  N.  Wight  &  Co.  of 
Fabric.  New  York  City. 


Fig.  3- 
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Twisted  Steel  Rods. — Steel  bars  of  square  section  cold- twisted  to  the 
form  shown  by  Fig.  4  is  the  form  of  reinforcement  patented  in  1884  by 
Mr.  E.  L.  Ransome  and  used  in  the  various  systems  of  Ransome  con- 


Fic.  4. — Ransome  Bar. 

crete-steel  construction.  The  purpose  in  twisting  the  rods  is  twofold : 
first,  to  give  the  metal  a  mechanical  hold  on  the  surrounding  concrete 
like  that  of  a  screw  in  wood,  and,  second,  to  increase  the  strength  and 
decrease  the  ductility.  The  usual  practice  is  to  purchase  commercial 
squares  of  the  proper  size  and  twist  them  on  the  site  of  the  work,  but 
the  bars  already  twisted  may  be  purchased  if  desired.  The  following 
figures  show  the  approximate  number  of  twists  per  foot  usually  given 
the  bars: 


Size, 
Inches. 

Number 
of  Twists. 

Size, 
Inches. 

Number 
of  Twists. 

Size, 
Inches. 

Number 
of  Twists. 

4Xi 

::X: 

1x1 

7          i 
5         i 
3          1 

I    Xi 

I 

lixij 

2     X2 

I 

The  effect  of  cold  twisting  on  the  strength  is  indicated  by  recent 
comparative  tests  of  mild-steel  bars  and  cold  twisted  bars  from  the 
same  lot  of  steel.  These  tests  were  made  at  the  testing  laboratory  of 
Columbia  University,  and  each  of  the  results  given  is  the  average  of 
four  or  more  tests.  The  results  in  pounds  per  square  inch  are  as 
follows : 


Size  of  Square 
Bar,  Indies. 

Elastic  Limit. 

Ultimate  Strength. 

Plain. 

Twisted. 

Plain. 

Twisted.       < 

1 

46,170 
34,840 
39,700 

62,350 
56.720 
56,150 

57,800 
59,200 
62,100 

Corrugated  Bars. — Steel  bars  of  square  section  with  corrugations  on 
all  four  sides,  as  shown  by  Fig.  5,  are  the  invention  of  Mr.  A.  L.  John- 
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son,  M.  Am.  Soc.  C.   E.     These  bars  are  rolled  from  high-carbon 
steel  breaking  at  about  105,000  lbs.  per  sq.  in.  and  having  an  elastic 
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Fig.  5. — Corrugated  Bar. 

limit  of  between  65,000  and  67,000  lbs.  per  sq.  in. 
in  the  following  sizes  and  weights : 


They  are  made 


Size  in  Inches. 


Net  Section, 
Square  Inches. 


Welffht, 

Pounds  per 

Foot. 


ij 


0.19 
0.38 

0.55 
0.70 
1. 10 


0.78 
1.56 
2.25 
2.90 
4.56 


The  following  explanation  of  the  design  and  construction  of  the 
bar  is  given  by  the  inventor : 

By  numerous  practical  examples,  as  well  as  by  laboratory  tests,  it 
has  been  determined  that  it  is  very  easy  to  break  the  adhesion  between 
the  concrete  and  the  surface  of  the  embedded  metal,  and  it  is  therefore 
not  safe  to  use  plain  bars,  or  any  form  of  bar  depending  upon  this 
adhesion  for  its  efficiency.  The  bar  should  be  provided  with  some 
form  of  ribbing  device,  the  sides  of  which  ribs  should  be  nearly  at 
right  angles  to  the  axis  of  the  bar,  varying  therefrom  by  an  angle  not 
exceeding  the  angle  of  friction  between  the  materials  used.  Our  cor- 
rugated bar  is  designed  on  this  principle,  and  the  practical  results  and 
tests  that  have  been  made  by  others,  as  well  as  by  ourselves,  have 
proved  the  correctness  of  the  theory.  Theory  and  practice  do  not 
always  agree,  but  they  do  in  this  case.  This  bar  is  rolled  hot.  like 
any  other  shape,  from  special  material,  and  has  double  the  amount 
of  work  put  on  it  that  is  given  ordinary  structural  steel.  This  results 
in  a  very  high  elastic  limit,  which  is  desirable  in  steel-concrete  con- 
struction, the  load  pro<lucing  this  stress  in  the  steel  being  the  ultimate 
load  of  the  combination  in  all  cases. 


Thacher  Steel  Bars.— The  special  form  of  reinforcing-bar  patented 
by  Mr.  Edwin  Thacher,  M.  Am.   Soc.  C.  E.,  is  shown  by  Fig.  6. 


Fig.  6.— Thacher  Rolled  Bar. 
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These  bars  are  rolled  from  medium  steel,  and  the  nominal  sizes  in 
which  they  are  made,  together  with  the  sectional  area,  weight,  and 
mean  ultimate  strength  of  each  size,  are  given  in  the  following  state- 
ment: 


Nominal 

Diameter, 

Inches. 


Area, 
Square 
Inches. 


0.047 

O.IO 

0.18 

0.28 

0.41 

0.55 

0.71 

0.90 

1. 10 

1.32 

1.56 

1. 81 

2.08 

2.35 
2.65 


Weight 

per  Lineal 

Foot. 


0.16 

0.34 
0.61 

0.95 
1.39 
1.87 
2.42 
3.06 
3.74 
4.49 
5.30 
6.16 
7.07 
8.00 
9.02 


Mean 
I'ltimate 
Strength 
Medium 

Steel. 


3.000 

6,400 

11,500 

17,900 

26,200 

35.200 

45400 

57.600 

70,400 

84,500 

99,800 

115,800 

133.100 

150,400 

169,600 


The  inventor  presents  the  following  claims  for  the  bar  and  gives 
the  following  advice  concerning  its  use : 


This  bar  is  specially  designed  for  the  work  it  has  to  do,  and  numer- 
ous tests  have  shown  that  it  will  not  slip  in  or  disrupt  the  concrete. 
The  sectional  area  is  practically  uniform  throughout,  and  all  changes 
in  shape  of  section  are  made  by  gradual  curves,  as  all  sharp  corners, 
fins,  knife-edges,  or  sudden  changes  of  section  in  concrete  or  any  other 
non-fibrous  material  are  liable  to  cause  cracks,  and  are  therefore  not 
desirable.  The  bars  are  laid  flat,  the  widest  dimension  transversely, 
and  the  distance  from  the  center  of  the  bars  to  the  outside  of  the 
concrete  should  not  be  less  than  one  and  one-half  times  the  diameter  of 
the  bar.  The  bars  should  be  held  in  their  proper  position  until  they 
are  firmly  embedded  in  the  concrete.  Bars  can  be  furnished  from 
J4  in.  diameter  up  to  2  ins.  diameter,  but  it  will  not  often  be  necessary 
to  use  bars  larger  than  ij4  ins.  or  1J/2  ins.  diameter,  and  as  a  rule, 
when  the  bars  are  subjected  to  tension  only,  as  in  slabs  or  girders,  it 
is  better  to  use  small  bars  spaced  from  3  in.  to  8  in.  apart,  depending 
upon  size  of  bar  and  depth  of  member,  than  to  use  large  bars  spaced  a 
greater  distance  apart. 

In  slabs,  transverse  rods  of  small  diameter,  spaced  two  or  three 
feet  apart,  should  be  used  to  prevent  craoks  due  to  shrinkage.  For 
deep  girders,  requiring  large  areas  of  steel,  it  is  better  to  use  small 
bars  in  two  or  more  rows  if  necessary,  than  to  concentrate  the  metal. 
For  arches  subject  both  to  compression  and  bending  stresses,  it  is  not 
desirable  to  use  small  rods  or  close  spacing,  and  heavy  concentrations 
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of  metal  give  the  best  results.  Tests  made  by  the  Austrian  Society  of 
Engineers  and  Architects  on  the  Melan  arch,  using  heavy  concentra- 
tions of  metal  spaced  39  ins.  apart,  gave  much  higher  results  than 
tests  on  the  Monier  arch  with  rods  spaced  only  a  few  inches  apart. 

In  much  of  his  heavy  bridge  work  Mr.  Thacher  has  used  a  wholly 
different  form  of  reinforcing-bar.  This  is  a  flat  bar  of  structural  steel 
with  rivets  through  it  at  close  intervals  and  generally  staggered,  whose 


f 
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Fig.  7. — Thacher  Riveted  Bar. 


projecting  hands  furnish  a  mechanical  hold  on  the  concrete.     The 
sketch  Fig.  7  shows  one  of  these  bars  designed  for  an  arch  span 

tof  122  ft.  For  smaller  arches  the  bars  are  made 
narrower,  but  seldom  less  than  3  ins.  wide. 
Columbian  Bars.— The  form  of  reinforcing-bar 
employed  for  concrete-steel  floors  of  the  Columbian 
type  up  to  and  including  spans  of  15  ft.  is  shown 
in  cross-section  by  Fig.  8.  These  bars  are  rolled 
from  structural  steel  and  are  made  in  sizes  running 
from  I  in.  to  5  ins.  in  depth.  For  longer  spans  a 
deeper  bar  with  additional  ribs  is  employed.  The 
smaller  sizes  of  bars  are  connected  to  the  floor 
beams  by  means  of  stirrups  of  the  form  shown  by 
Fig.  8-a.  The  manner  of  using  these  bars  in  floor 
construction  is  described  on  page  176. 
Kahn  Steel  Bars. — The  form  of  reinforcing-bar  invented  by  Mr. 
Julius  Kahn,  Assoc.  M.  Am.  Soc.  C.  E.,  and  illustrated  m  Fig.  9,  is 
designed  with  the  assumption  that :  ( i )  Concrete  should  be  reinforced 
in  a  vertical  plane  as  well  as  in  the  horizontal  plane;  (2)  The  rein- 
forcement should  be  inclined  to  the  vertical,  preferably  with  varying 
upward  curvature  approximating  the  line  of  principal  tensile  stress; 
(3)  The  metal  should  be  distributed  in  proportion  to  the  strains  exist- 


Fig.  8. — Colum- 
bian Bar. 


Fig.  9. — Kahn  Bar. 

ing  at  any  place ;  (4)  The  shear  members  should  be  rigidly  connected 
to  the  horizontal  members.     The  bar  is  constructed  by  shearing  a 
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rolled  bar  of  the  cross-section  shown  by  Fig.  9  and  bending  up  the 
sheared  strips  to  the  positions  shown.  These  sheared  bars  are  manu- 
factuf«d>in  several  sizes  by  the  Trussed  Concrete-steel  Company  of 
Detroit,  Mich. 

Cummiiigs  Bars. — The  special  form  of  reinforcement  designed  by 
Robert  A.  Cummings  of  Pittsburg,  Pa.,  is  shown  by  Fig.  10.     It  is 


Fig.  10. — Cummings  Bars. 

constructed  of  round  steel  bars  bent  and  arranged  as  shown  by  the 
drawing. 

Commercial  Shapes. — The  use  of  reinforcing-bars  of  special  form 
has  had  its  greatest  development  in  the  United  States.  In  Europe 
commercial  shapes  are  employed  almost  exclusively.  Bars  of  circular 
section  are  most  used ;  other  forms  are  T  bars,  -f-  bars,  channels,  and 
straps.  A  number  of  examples  of  each  of  these  forms  of  reinforcing- 
bars  are  given  in  the  preceding  section,  and  they  will  serve  to  explain 
in  detail  the  various  methods  of  combination.  The  material  in  these 
bars  is  usually  wrought  iron  or  soft  steel  in  Europe  and  soft  or 
medium  steel  in  the  United  States. 

Efficiency  of  Mechanical  Bond. — A  number  of  the  forms  of  bar  rein- 
forcement described  have  been  especially  designed  to  increase  the 
bond  of  the  bar  beyond  the  normal  adhesion  of  concrete  to  metal. 
This  object  is  sought  to  be  accomplished  by  providing  the  bar  with 
mechanical  anchors  in  the  shape  of  ribs,  notches,  or  projections  of 
one  sort  or  another.  Tests  to  determine  the  efficiency  of  this  mechani- 
cal bonding  are  rare,  and  the  results  of  those  which  have  been  made 
permit  only  the  most  general  conclusions.  In  a  series  of  tests  of 
Johnson,  Thacher,  and  Ransome  rods  by  Prof.  C.  W.  Spofford  of  the 
Massachusetts  Institute  of  Technology  the  concrete  split  or  the  bar 
broke  in  all  cases  where  Johnson  and  Thacher  rods  were  used.  The 
result  usually  obtained  with  the  Ransome  rods  was  as  follows:  The 
rod  slipped  at  a  certain  pull,  then  pulled  through  sometimes  several 
inches  with  a  smaller  force,  and  finally  took  another  fast  grip  which 
required  a  harder  pull  than  the  first  to  break  and  which  generally 
split  the  concrete  block.    Substantially  the  same  results  were  secured 
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with  Ran  some  rods  in  tests  made  at  the  Case  School  of  Applied 
Science  by  S.  W.  Emerson  and  George  A.  Peabody.  In  the  latter  tests 
the  average  resistance  to  initial  slip  of  four  ^-in.  bars  was  1,259  ^^^* 
per  linear  inch  embedded.  This  same  series  of  tests  furnished  inter- 
esting information  on  the  adhesion  of  i-in.  plain  square  bars  to  mor- 
tars and  concretes  of  different  compositions.  In  all  twenty-four  bars 
were  tested,  four  for  each  composition;  and  the  average  results  were 
as  follows: 

Pounds  per 
Composition  of  Mixture.  Square  Inch  of 

Surface  in  Contact 

Neat  cement 278 

I  cement,  3  sand 41 1 

I  cement,  2  sand,  4  broken  stone 587 

I  cement,  3  sand,  6  broken  stone 478 

1  cement,  2  sand,  4  gravel 547 

I  cement.  3  sand,  6  gravel 516 

Presenration  of  Iron  in  Concrete. — It  has  generally  been  assumed  that 
iron  or  steel  embedded  in  concrete  does  not  corrode,  and  many  in- 
stances are  cited  of  embedded  steel  being  removed  from  concrete 
quite  as  clear  and  bright  after  a  long  period  of  exposure  to  the  ele- 
ments as  it  was  when  first  embedded.  It  should  be  noted,  however, 
that  an  occasional  instance  is  cited  to  show  that  under  certain  circum- 
stances metal  embedded  in  concrete  will  corrode.  As  the  durability 
of  concrete-steel  requires  that  the  steel  shall  be  permanently  protected 
from  corrosion,  this  question  is  an  important  one  and  it  has  received 
consideration  from  a  number  of  experts.  The  commonly  accepted 
theory  accounting  for  the  protection  from  rust  of  iron  embedded  in 
concrete  has  been  recently  stated  by  Prof.  Spencer  B.  Newberry  as 
follows : 

The  rusting  of  iron  consists  in  oxidation  of  the  metal  to  the  condi- 
tion of  hydrated  oxide.  It  does  not  take  place  at  ordinary  tempera- 
,  tures  in  dry  air  or  in  moist  air  free  from  carbonic  oxide.  The  com- 
bined action  of  moisture  and  carbonic  acid  is  necessary.  Ferrous 
carbonate  is  first  formed ;  this  is  at  once  oxidized  to  ferric  oxide  and 
the  liberated  carbon  dioxide  acts  on  a  fresh  portion  of  metal.  Once 
started  the  corrosion  proceeds  rapidly,  perhaps  on  account  of  galvanic 
action  between  the  oxide  and  the  metal.  Water  holding  carbonic  acid 
in  solution  soon,  if  free  from  oxygen,  acts  as  an  acid  and  rapidly 
attacks  iron.  In  lime-water  or  soda  solution  the  metal  remains  bright. 
The  action  of  cement  in  preventing  rust  is  now  apparent.  Portland 
cement  contains  about  63  per  cent.  lime.  By  the  action  of  water  it  is 
converted  into  a  crystalline  mass  of  hydrated  calcium  silicate  and 
calcium  hydrate.  In  hardening  it  rapidly  absorbs  carbonic  acid  and 
becomes  coated  on  the  surface  with  a  film  of  carbonate,  cement  mortar 
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thus  acting  as  an  efficient  protector  of  iron  and  captures  and  imprisons 
every  carbonic-acid  molecule  that  threatens  to  attack  the  metal.  The 
action  is,  therefore,  not  due  to  the  exclusion  of  the  air,  and  even 
though  the  concrete  be  porous,  and  not  in  contact  with  the  metal  at 
all  points,  it  will  still  filter  out  and  neutralize  the  acid  and  prevent  its 
corrosive  effect. 

The  use  of  cement  washes  and  plasters  for  the  specific  purpose  of 
protecting  iron  and  steel  from  rust  is  quite  common  and  has  extended 
over  a  long  period  of  time.  Cement  paint  is  largely  used  by  the  rail- 
way companies  of  France  to  protect  their  metal  bridges  from  corro- 
sion. Two  coats  of  liquid  cement  and  sand  are  applied  with  leather 
brushes.  After  investigation  and  careful  tests  the  engineers  of  the 
Boston  Subway  adopted  Portland-cement  paint  for  the  protection  of 
the  steel  beams  of  that  structure.  Iron  spirit-tanks  for  European  dis- 
tilleries are  universally  painted  on  the  inside  with  Portland-cement 
paint  to  prevent  corrosion.  In  the  United  States  it  is  a  frequent  prac- 
tice to  coat  the  inside  of  steel  salt-pans,  sulphate  digesters,  etc.,  with 
cement  plaster  to  prevent  corrosion.  Regarding  the  damage  from  cor- 
rosion by  the  sulphur  in  the  cinders  of  cinder  concrete  Prof.  Newberry 
expresses  himself  as  follows : 

The  fear  has  sometimes  been  expressed  that  cinder  concrete  would 
prove  injurious  to  iron  on  account  of  the  sulphur  contained  in  the  cin- 
ders. The  amount  of  this  sulphur  is,  however,  extremely  small.  Not 
finding  any  definite  figures  in  this  point,  I  determined  the  sulphur  con- 
tained in  an  average  sample  of  cinders  from  Pittsburg  coal.  The  coal 
in  its  run  state  contains  a  rather  high  percentage  of  sulphur,  about 
1.5  per  cent.  The  cinders  proved  to  contain  only  0.61  per  cent,  sul- 
phur. This  amount  is  quite  insignificant,  and  even  if  all  oxidized  to 
sulphuric  acid  it  would  at  once  be  taken  up  and  neutralized  in  concrete 
by  the  cement  present,  and  would  by  no  possibility  attack  the  iron. 

In  connection  with  this  statement  it  may  be  noted  that  in  the  demo- 
lition in  1903  of  a  tall  steel-frame  building  in  New  York  City,  which 
was  built  in  1898  and  had  practically  all  of  its  framework  except  the 
columns  embedded  in  cinder  concrete,  the  steel  removed  showed  prac- 
tically no  rust  which  could  be  considered  as  having  developed  after* 
the  metal  was  embedded. 

Tests  of  a  reliable  character,  made  to  determine  the  efficiency  of 
concrete  in  protecting  embedded  metal  from  corrosion,  are  compara- 
tively few.  The  most  important  ones  which  have  been  published  are 
those  of  Mr.  Breuillie  of  France  and  those  of  Prof.  Charles  L.  Norton 
of  Boston,  Mass.  Mr.  Breuillie's  tests  were  extended  in  character  and 
the  conclusions  drawn  from  them  by  the  experimenter  were:  (i)  That 
the  cement  attacked  the  iron;   (2)   that  water  dissolved  the  compo- 
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sition  which  formed  at  the  contact  of  the  two  materials ;  (3)  that  the 
adhesion  of  the  steel  to  the  cement  disappeared  when  water  passed 
through  the  concrete  for  a  certain  time;  (4)  that  the  weight  of  the 
iron  salts  which  adhered  to  the  steel  and  the  normal  adhesion  between 
the  steel  and  the  concrete  increased  with  time;  (5)  in  all  cases  the 
action  of  the  cement  on  the  iron  prevented  rust  and  removed  the 
rust  from  metal  which  had  been  allowed  to  corrode  before  being 
embedded. 

The  tests  conducted  by  Prof.  Charles  L.  Norton  of  the  Massa- 
chusetts Institute  of  Technology,  Boston,  Mass.,  were  of  a  somewhat 
different  character  from  those  of  Mr.  Breuillie.  Briquettes  or  blocks 
were  made  of  neat  cement;  of  i  part  cement  and  3  parts  sand;  of 
I  part  cement  and  5  parts  broken  stone,  and  of  i  part  cement  and 
7  parts  cinders.  Portland  cement  was  used,  and  was  tested  chemically 
and  physically  and  found  good.  The  cinders  when  washed  down 
with  a  hose-stream  and  dried  tested  alkaline,  and  analysis  revealed 
very  small  amounts  of  sulphur.  In  each  block  there  was  embedded 
a  j4-in.  rod,  a  piece  of  soft  sheet  steel  6X1X^3^ ''^v  and  a  6Xi-in- 
strip  of  expanded  metal.  These  blocks  were  exposed  as  follows :  one- 
quarter  of  them  in  sealed  chests  containing  an  atmosphere  of  steam, 
air,  and  carbon  dioxide ;  one-quarter  in  a  similar  chest  with  an  atmos- 
phere of  air  and  carbon  dioxide ;  one-quarter  in  a  chest  with  an  atmos- 
phere and  steam,  and  one-quarter  on  a  table  in  the  open  air  of  the 
testing-room.  At  the  end  of  three  weeks  the  blocks  were  carefully 
cut  open,  and  the  steel  examined  and  compared  with  specimens  which 
had  lain  unprotected  in  the  corresponding  chests  and  in  the  open  air. 

The  results  of  the  examinations  were  as  follows:  The  unprotected 
specimens  consisted  of  rather  mere  rust  than  steel.  The  specimens 
embedded  in  neat  cement  were  perfectly  protected.  Of  the  remaining 
specimens  hardly  one  had  escaped  serious  corrosion.  The  location 
of  the  rust-spot  was  invariably  coincident  with  either  a  rod  in  the  con- 
crete or  a  badly  rusted  cinder.  In  the  more  porous  mixtures  the 
steel  was  spotted  with  alternate  bright  and  badly  rusted  areas,  each 
clearly  defined.  In  both  the  solid  and  the  porous  cinder  concrete 
•many  rust-spots  were  found,  except  where  the  concrete  had  been 
mixed  very  wet,  in  which  case  the  watery  cement  had  coated  nearly 
the  whole  of  the  steel,  like  a  paint,  and  protected  it  The  following 
are  Prof.  Norton's  conclusions  from  his  tests: 

(i)  Neat  Portland  cement,  even  in  thin  layers,  is  an  effective  pre- 
ventative of  rusting. 

(2)  Concrete,  to  be  effective  in  preventing  rusting,  must  be  dense 
and  without  voids  and  cracks.  It  should  be  mixed  quite  wet  when 
applied  to  the  metal. 
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(3)  The  corrosion  found  in  cinder  concrete  is  mainly  due  to  the 
iron  oxide,  or  rust,  in  the  cinders  and  not  to  the  sulphur. 

(4)  Cinder  concrete,  if  free  from  voids  and  well  rammed  when  wet, 
is  about  as  effective  as  stone  concrete  in  protecting  steel. 

(5)  It  is  of  the  utmost  importance  that  the  steel  be  clean  when 
bedded  in  concrete.  Scraping,  pickling,  a  sand-blast,  and  lime  should 
be  used,  if  necessary,  to  have  the  metal  clean  when  built  into  a  wall. 

At  first  sight  the  conflicting  testimony  which  has  been  quoted 
appears  to  have  but  little  solid  ground  upon  which  the  practicing 
engineer  can  base  a  decision  as  to  the  probable  damage  from  rust  of 
iron  or  steel  embedded  in  concrete-  A  brief  analysis  will  show,  how- 
ever, that  this  is  not  actually  the  case.  In  the  first  place  there  are 
many  instances  where  steel  embedded  in  concrete  has  shown  no  signs 
of  rust  upon  removal.  None  of  the  evidence  presented  disputes  this 
fact.  Secondly,  steel  removed  from  concrete  which  contained  cracks 
or  voids  has  in  many  instances  shown  rust,  always  at  the  points  where 
the  cracks  and  voids  were  located.  None  of  the  evidence  presented 
disputes  this  fact.  Thirdly,  the  theory  that  the  concrete  covering 
filters  out  and  renders  innocuous  the  corrosive  elements  so  completely 
as  to  protect  the  steel  even  where  it  is  not  in  contact  with  the  concrete 
is  disputed  by  the  results  of  Prof.  Norton's  tests.  Fourthly,  Prof. 
Norton's  tests  show  that  where  the  concrete  is  so  closely  in  contact 
with  the  steel  as  to  completely  cover  it  with  cement  there  is  no  corro- 
sion. This  fact  is  not  disputed  by  any  of  the  other  evidence.  Fifthly, 
Prof.  Norton's  tests  show  that  wet  concrete  mixtures  more  certainly 
insure  the  close  contact  of  the  steel  and  concrete  at  all  points  than  do 
dry  mixtures.  This  fact  is  not  disputed  by  any  of  the  other  evidence. 
Sixthly,  Prof.  Norton's  contention  that  the  steel  should  be  perfectly 
cleaned  before  it  is  bedded  in  concrete  is  controverted  by  the  tests  of 
Mr.  Breuille,  which  show  that  bedding  in  concrete  will  remove  the 
rust  from  previously  corroded  steel.  Seventhly,  all  the  evidence  pre- 
sented indicates  that  the  sulphur  content  of  the  cinders  is  not  a  serious 
element  of  danger  in  cinder  concrete  and  that,  other  conditions  being 
the  same,  cinder  concrete  and  stone  concrete  are  about  equally  effi- 
cient in  preventing  the  rusting  of  embedded  steel.  The  useful  con- 
clusion which  the  practicing  engineer  can  draw  from  all  this  is  that, 
so  far  as  danger  from  subsequent  rusting  is  concerned,  he  can  con- 
fidently embed  steel  or  iron  reinforcement  in  either  cinder  or  stone 
concrete  if  he  secures  a  close  contact  between  the  concrete  and  steel 
at  all  points,  and  if  no  cracks  develop  in  the  concrete  to  expose  the 
metal  to  attack. 
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CHAPTER  XIII.— METHODS  OF  CONSTRUCTION  IN 
FOUNDATION  WORK. 

The  mode  of  procedure  followed  in  constructing  foundation  work 
in  reinforced  concrete  varies  with  the  character  of  the  foundation 
structure  and  the  character  and  arrangement  of  the  reinforcement.  It 
may  be  very  simple,  as  is  the  case  in  building  beam  grillages,  or  it  may 
be  quite  as  complex  as  floor  and  column  construction,  as  is  the  case  in 
casting  and  driving  rein  forced-concrete  piles  or  in  building  footings 
with  elaborate  rod  and  stirrup  reinforcement.  The  methods  followed 
can  best  be  explained  by  considering  the  different  forms  of  founda* 
tions  separately. 

Spread  Foundations. — Spread  foundations,  in  concrete-steel  are  either 
isolated  column  footings  or  extended  footings  covering  the  whole 
building  area.  The  mode  of  procedure  followed  is  the  same  in  con- 
structing both,  the  work  being  merely  conducted  on  a  larger  scale  in 
one  case  than  in  the  other.  Attention  can  therefore  be  confined  to  the 
differences  in  procedure  introduced  by  the  differences  in  the  form  of 
reinforcement  employed.  The  most  common  form  of  spread- foundation 
reinforcement  that  is  employed  in  the  United  States  is  the  steel-beant 
grillage;  and  the  form  next  in  favor  is  the  mesh  or  bar  reinforcement. 
Bar  and  stirrup  footings  are  mostly  confined  to  foreign  practice. 

The  manner  of  using  beams  in  grillages  is  illustrated  on  p.  ^2^. 
The  footing  course  of  concrete  is  first  laid  by  leveling  off  the  ground 
and  constructing  a  boxing  of  the  exact  size  of  the  footing.  This  boxing 
is  accurately  centered  and  its  top  edges  brought  to  exact  level  by  tran- 
sit and  Y  level.  The  concrete  is  th.en  filled  in  and  tamped  in  6-  or  8-in. 
layers,  and  the  top  layer  is  accurately  struck  off  level  with  the  top  of 
the  boxing.  A  coating  of  mortar  of  i  cement  and  2  sand  is  then  spread 
over  the  top  as  a  bed  for  the  beams  forming  the  first  course  of  the 
grillage.  These  beams  are  set  one  after  another,  inserting  the  spacers 
as  the  work  proceeds.  When  all  set,  the  beams  are  filled  between 
with  concrete.  Enough  space  between  beams  is  usually  left  for  this 
purpose  in  designing  the  grillage.  A  space  of  at  least  2  ins.  is  desirable 
to  admit  of  easy  work.  When  the  beams  are  very  close  together 
grouting  is  resorted  to,  since  the  spacers  prevent  filling  from  the  ends. 
The  filling  should  be  carefully  done,  with  particular  care  to  crowd  the 
concrete  up  under  the  top  flanges  and  into  the  angle  between  web  and 
flanges.  A  wet  concrete  is  necessary  to  get  good  results  without  ex- 
cessive labor.  When  filled  between,  the  ends  and  sides  of  the  beams 
are  encased  with  concrete  to  the  dimensions  designed,  a  boxing  like 
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that  used  for  the  footing  being  employed  to  give  the  necessary  form 
and  face.  The  tops  of  the  beams  are  then  plastered  to  form  a  bed 
for  the  second  tier  of  beame;  which  is  laid  andjembedded  exactly  as 
was  the  first.  The  final  task  rs  the  setting  of  the  stone  or  metal  column 
footing  in  a  thin  bed  of  mortar,  and  the  plastering  of  the  exposed 
surface,  to  give  it  a  smooth  finish. 

When  mesh  or  bar  reinforcement  is  employed  instead  of  beam 
grillages,  the  general  method  of  building  up  the  footing  is  the  same. 
The  concrete  is  deposited  in  boxing,  or  forms,  in  layers,  and  as  the 
proper  levels  are  reached  the  reinforcement  is  laid  and  bedded  on 
the  soft  concrete  and  the  filling  continued  to  the  next  level  for  rein- 
forcement. The  boxing  or  forms  used  are  somewhat  more  elaborate 
than  those  required  for  beam  grillages,  but  are  in  most  cases  com- 
paratively simple  structures.  The  footing  is  given  a  final  surfacing 
of  plaster. 

In  constructing  extended  footings  covering  the  whole  building  area 
the  work  of  procedure  is  substantially  the  same  as  that  followed  in 
constructing  isolated  footings,  but  the  work  is  on  a  larger  scale  and 
can  seldom  be  prosecuted  continuously.  This  makes  necessary  the 
joining  of  old  and  new  work,  in  which  task  the  construction  must  con- 
form to  the  usual  requirements.  If  the  footing  is  of  the  ribbed-plate 
type,  such  as  the  Hennebique  ilhistrated  on  p.  162,  the  construction 
calls  for  special  methods.  The  foundation-bed  has  to  be  smoothed  off 
and  trenched  so  as  to  form  a  mold  for  the  ribs  and  plate.  In  this 
mold  the  concrete  is  deposited  and  the  reinforcement  placed  exactly 
as  is  done  in  building  floors  as  described  on  p.  395. 

Piles  with  Reinforced-concrete  Caps. — In  constructing  reinforced 
concrete  caps  for  timber  piles  the  earth  is  first  excavated  the  proper 
distance  below  the  pile-heads  and  brought  to  a  level  surface.  The 
coticrete  is  then  deposited  in  layers  in  suitable  boxing  or  forms,  and 
the  reinforcement  is  placed  and  covered  exactly  as  described  for 
spread-foundation  work. 

Casting  Concrete-steel  Piles. — The  casting  of  reinforced-concrete 
piles  is  analogous  in  all  respects  to  the  molding  of  columns  or  beams 
in  place;  when  the  mold  is  set  upright  the  molding  of  piles  resembles 
that  of  columns,  and  when  the  mold  is  set  horizontally  the  molding 
resembles  that  of  beams.  Each  method  possesses  advantages  and 
disadvantages.  In  vertical  molding  there  is  the  advantage  of  having 
the  layers  in  which  the  concrete  is  tamped  at  right  angles  to  the  line 
of  pressure  on  the  pile,  and  the  disadvantage  of  having  to  compact 
the  concrete  in  a  narrow  space  with  long  runners.  In  horizontal 
molding  the  planes  of  the  layers  are  parallel  to  the  direction  of  the 
pressure,  but  the  molding  is  performed  under  much  easier  conditions. 
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The  forms  for  molding  piles  arc  similar  to  the  forms  employed  for 
constructing  columns  and  beams.  As  they  have  to  be  used  over  and 
over  they  should  be  so  constructed  that  they  can  be  rapidly  assembled 
and  taken  apart.  The  piles  can  be  removed  from  the  forms  in  one 
or  two  days,  but  they  are  not  sufficiently  hardened  to  be  driven  for 
about  thirty  days. 

The  following  is  the  method  in  detail  which  was  adopted  in  con- 
structing the  triangular  pile,  illustrated  on  p.  165.  The  molds  or  fonns 
were  set  up  vertically  and  the  concrete  placed  in  them  in  8-in.  layers. 
The  concrete  was  mixed  very  carefully  in  machine  mixers  and  was 
made  with  a  minimum  amount  of  water.  Of  the  three  sides  of  the 
mold,  two  sides  were  set  up  to  the  full  height,  but  the  third  side  was 
built  up  as  the  concrete  was  placed.  The  rein  forcing-rods  were  placed 
and  secured  in  position  before  any  concrete  was  placed.  Each  8-in. 
layer  of  concrete  was  rammed  down  as  hard  as  could  be  done  with 
hand  rammers,  then  the  top  surface  was  roughened  with  a  trowel  and 
a  set  of  spacing-ties  placed  on  the  rods.  Another  8-in.  layer  was 
then  placed.  Piles  were  built  in  this  way  to  lengths  varying  from 
16  to  26  ft.  After  being  molded  the  pile  was  left  to  set  for  about  a 
day,  without  water,  and  was  then  kept  in  the  form  for  about  a  week 
longer  with  continual  sprinkling.  By  that  time  the  piles  had  hardened 
sufficiently  to  allow  them  to  be  lifted  vertically  out  of  the  forms  and 
set  away  in  a  vertical  position  for  another  period  of  a  week  or  so. 
during  which  time  they  were  kept  constantly  wet.  After  this  they 
could  be  removed  for  transportation  or  storage. 

Driying  Concrete-iteel  Piles.— Rein  forced-concrete  piles  may  be 
driven  by  hammer,  pile-drivers,  or  by  water-jet,  or  in  any  other  man- 
ner in  which  timber  piles  are  driven.  In  driving  by  hammer,  how- 
ever, the  fall  of  the  hammer  is  usually  decreased  and  some  form  of 
driving-cap  designed  to  distribute  the  impact  stress  evenly  over  the 
top  of  the  pile  is  usually  employed.  The  weight  of  the  hammer,  on 
the  other  hand,  is  usually  considerably  increased.  In  driving  the  tri- 
angular piles  described  on  p.  165  a  hammer  weighing  5,000  lbs.,  with  a 
drop  of  5  ft.,  was  employed.  The  i6-in.  square  piles  of  Hennibique 
construction  employed  for  the  Brumath  Bridge  and  illustrated  on  page 
139  were  driven  with  an  8,8oo-lb.  hammer  with  a  maximum  drop  of 
8  ft,  which  was  decreased  as  the  penetration  decreased.  Mr.  Charles 
F.  Marsh  is  authority*  for  the  statement  that  Hennebique  piles  12  ins. 
square  are  frequently  driven  by  a  30-cwt.  hammer  with  a  drop  of  4  ft. 
In  driving  sheet  piling  0.3X04  in.  (ii.8XM-8  ins.)  in  cross-section 
at  Chantenay  sur  Loire  in  1898,  a  hammer  weighing  3,520  lbs.  and 
having  a  drop  of  6.25  ft.  was  employed.     In  constructing  the  wharf 

'  *  Trans.  Inst.  C.  E.,  Vol.  CXLIX. 
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at  Novorossisk,  Russia,  the  pile  illustrated  on  p.  166  was  driven  2  ft. 
into  hard  bottom  with  from  10  to  14  blows  of  a  3,375-lb.  hammer 
falling  from  12  ft.  to  14  ft.  Except  that  stronger  tackle  is  required 
to  handle  the  heavier  concrete-steel  pile,  the  ordinary  pile-driving  rig 
for  timber  piles  is  all  that  is  essential. 

To  protect  the  heads  of  concrete-steel  piles  during  driving  use  is 
made  of  a  cap  or  false  pile  to  distribute  the  shock.  The  most  care- 
fully worked  out  device  of  this  kind  is  the  cast-steel  cap  devised  and 
used  by  Mr.  Hennebique.  This  cap  is  shown  on  p.  164.  It  is  a  cap- 
shaped  casting  which  fits  over  the  neck  of  the  pile  loosely.  The  annu- 
lar opening  at  its  lower  edge  is  calked  with  clay  and  tow  and  the 
hollow  space  above  is  filled  through  a  hole  in  the  top  of  the  cap  with 
sand  or,  preferably,  with  sawdust.  A  separate  cap  is  required  for 
each  size  of  pile.  In  driving  a  large  lot  of  Hennebique  sheet  piling 
at  Southampton,  England,  a  false  pile  was  used  in  addition  to  the 
metal  cap.  A  rather  more  complicated  arrangement  which  was 
employed  in  driving  sheet  piling  at  Chantenay  sur  Loire,  France,  is 
shown  by  Fig.  11.     Here  the  piles  were  cast  with  reinforced  tops, 
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Vertical   Section.  Elevation. 

-False  Pile  and  Driving  Cap  Employed  at  Chantenay  sur  Loire. 


which  were  designed  to  be  broken  off  enough  after  driving  to  expose 
the  reinforcement  for  bonding  to  the  work  above.    This  allowed  the 
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top  of  the  pile  to  be  clamped  loosely  to  the  guides  of  the  pile-driver 
as  shown.  A  metal  cap  with  an  upper  and  lower  socket  was  set  on 
the  neck  of  the  pile  with  a  filling  of  sawdust  over  the  pile  top,  and  its 
upper  socket  received  the  end  of  a  hard-wood  false  pile  clamped  to 
the  pile-driver  guides  as  shown.  The  relative  positions  of  the  pile,  its 
cap,  and  the  false  pile  and  hammer  are  clearly  shown  by  the  illustra- 
tion. In  driving  the  triangular  piles  shown  on  p.  165  a  cap  was  used 
which  was  made  of  alternate  layers  of  iron  plate,  wood,  and  lead. 
This  cap  was  clamped  to  the  pile  head  and  also  served  to  guide  the 
pile  in  the  leads.  Another  device  used  consists  of  a  metal  cap  like 
that  shown  by  Fig.  11.  on  p.  167,  but  having  the  socket  on  top.  in  which 
is  set  a  disk  of  hard  wood  to  take  the  direct  blow  of  the  hammer. 

When  the  nature  of  the  soil  permits,  a  water-jet  is  always  a  safe 
and  sure  method  of  driving  concrete-steel  piles.     Piles  designed  for 


Fig  12. — False  Pile  and  Cap  for 
Driving  Piles  in  Bridge  Foun- 
dations at  Soissons,  France. 


Fig.  13. — Elevation  and  Section  of  Piles 
in  Soissons  Bridge  Foundations. 


this  method  of  driving  are  cast  with  a  hollow  center  or  have  jet-pipes 
cast  into  the  concrete,  as  shown  by  several  of  the  preceding  illustra- 
tions of  Chapter  VI.  The  method  of  driving  and  the  apparatus  era- 
ployed  are  the  same  as  are  used  in  timber-pile  work. 

The  most  notable  example  of  the  use  ot  water-jet  in  driving 
concrete-steel  piles  of  which  the  author  has  definite  knowledge  is  fur- 
nished by  the  construction  of  the  River  Aisne  Bridge  at  Soissons, 
France,  described  on  p.  244.  In  constructing  the  abutments  and  two 
piers  for  this  bridge,  168  sheet  piles  and  134  bearing  piles  were 
employed.  Both  the  sheet  piles  and  the  bearing  piles  were  of  Henne- 
bique  construction;  40  of  the  bearing  piles  were  25  cm.  (9.84  ins.) 
square,  and  92  were  30  cm.  (11.81  ins.)  square,  and  all  of  the  sheet 
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piles  were  15X35  c^"-  (S-9Xi3-78  ins.)  in  cross-section.  The  material 
penetrated  by  the  piles  was  sand  mixed  with  a  few  pebbles.  An 
attempt  was  made  at  first  to  drive  some  of  the  25-cm.  (9.84-in.)  square 
piles  with  hammer  drivers,  using  the  arrangement  of  driving  pile  and 
cap  shown  by  Fig.  12,  with  a  6oo-kg.  (1,320-lb.)  hammer.  The  first 
pile  driven  reached  a  depth  of  2.5  m.  (8.2  ft.),  but  its  head  was 
completely  shattered  for  about  0.6  m.  (1.97  ft.)  ;  the  second  pile  had 
its  head  shattered  at  the  first  blow,  and  by  the  time  it  had  reached  a 
depth  of  I  m.  (3.28  ft.)  the  metal  was  bare  for  a  length  of  0.7  m. 
(2.29  ft)  Owing  to  this  poor  success  with  hammer  driving,  the 
engineers  substituted  a  water- jet  apparatus  for  driving  the  remainder 
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Fig.  14. — Timber  Frame  to  Guide  Piles  During  Driving,  Soissons  Bridge. 


of  the  piles.  It  is  important  to  note,  before  giving  the  results  of  the 
new  mode  of  procedure,  that  the  engineer  in  charge  of  the  work,  Mr. 
Ribaud,  Ingenieur  des  Fonts  et  Chaussees,  attributes  the  failure  of 
hammer  driving  to  the  insufficient  age  (ij/^  months)  of  the  piles  and 
to  the  fact  that  they  were  molded  on  their  sides  instead  of  vertically. 
For  sinking  the  remaining  38  piles  under  the  abutments  use  was 
made  of  a  hand-pump,  which  gave  a  pressure  too  low  to  loosen  the 
material  efficiently.  The  mode  of  procedure  was  to  operate  the  pump 
until  the  material  around  the  point  of  the  pile  was  loosened,  and  then 
to  give  the  pile  a  few  light  blows  of  the  hammer  to  settle  it  into  the 
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loosened  soil.  This  process  was  repeated  until  the  piles  had  a  pene- 
tration of  from  2.5  to  3  m.  (8.2  to  9.8  ft.).  Six  days  were  required  to 
drive  18  piles  for  the  right  abutment. 

In  placing  the  piles  for  the  two  piers,  power  pumps  were  employed. 
Each  pier  comprised  46  bearing  piles  and  84  sheet  piles,  arranged  to 
form  a  coffer-dam  pointed  at  both  ends  and  20  m.  (65.6  ft.)  long  from 
point  to  point.  The  arrangement  of  the  piles  in  this  cofTer-dam  is 
shown  by  Fig.  13.  The  bearing  piles  were  5.45  m.  (17.8  ft,)  lonj 
and  the  sheet  piles  were  5.1  m.  (16.7  ft.)  long;  a  bearing  pile  weighed 
1,150  legs.  (2,530  lbs.)  in  air  and  880  kgs.  (1,936  lbs.)  in  3  m.  (9.84  ft) 
of  water.  To  guide  the  sinking  of  the  piles  use  was  made  of  an 
interior  framework  constructed  as  shown  by  Fig.  14.  A  panel  of 
eight  or  ten  piles  was  erected  in  the  guides  and  driven,  then  another 
panel,  and  so  on.  A  steam-pump  supplied  the  jet  which  was  delivered 
against  the  soil  by  an  armored  hose  terminating  in  an  iron  tube  35  mm. 
(1.38  ins.)  in  diameter  and  7  m.  (22.96  ft.)  long.  This  tube  or  nozzle 
was  manipulated  by  a  workman  so  as  to  deliver  the  jet  underneath 
the  point  of  the  pile  being  driven,  and  at  the  same  time  the  pile  was 
forced  down  by  a  lever  over  its  head.  With  a  force  of  six  men  a 
panel  of  five  or  six  piles  could  be  sunk  i  m.  (3.28  ft.)  in  an  hour;  in 
one  instance  45  piles  were  driven  in  a  day's  work.  Eight  days  were 
required  to  drive  the  piles  for  the  right  pier,  and  4>4  days  to  drive  the 
piles  for  the  left  pier.  A  section  of  the  pier  foundation  is  shown  by 
the  drawings  on  page  245. 

Constructing  PUes  in  Place.— In  the  preceding  section  two  forms 
of  rein  forced-concrete  piles  designed  to  be  constructed  in  place  arc 
described.  To  perform  this  task  use  is  made  in  both  cases  of  a  pointed 
metal  cylinder  or  casing  for  forming  the  hole  to  be  occupied  by  the 
pile  and  for  retaining  the  walls  of  this  hole  in  place  until  the  con- 
crete is  placed.  Fig.  15  shows  the  arrangement  adopted  for  the  so- 
called  Simplex  pile  construction.  A  wrought-iron  cylinder  of  the 
diameter  and  length  which  the  pile  is  required  to  be  is  slipped  over 
the  neck  of  a  previously  cast  concrete  point.  This  cylinder,  with 
its  point,  is  driven  by  means  of  an  ordinary  pile-driver  to  the  depth 
required,  there  being  an  oak  driving  cap  or  head  applied  to  the  cylin- 
der to  receive  the  blow  of  the  hammer.  When  completely  driven,  the 
cylinder  of  expanded  metal  reinforcement  is  slipped  inside  the  driving 
cylinder  until  its  lower  end  bears  on  the  concrete  point.  .Concrete 
is  then  shoveled  into  the  driving-cylinder,  which  is  gradually  with- 
drawn as  the  filling  progresses,  until  it  is  entirely  free.  Another 
concrete  point  is  then  attached  and  a  second  pile  completed.  Only 
the  single  driving-cylinder  is  employed  when  the  pile  penetrates  earth 
throughout,  but  when  there  is  a  depth  of  water  overlying  the  earth,  as 
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is  the  case  in  driving*  piles  in  a  stream  or  lake  bottom,  a  second 
cylinder  or  shell  is  clamped  outside  the  driving-cylinder,  as  shown  in 

the  illustration.  This  shell  is  shorter  than 
the  driving-cylinder,  and  in  fact  is  just  lon^ 
enough  to  penetrate  the  bottom  a  sufficient 
distance  to  prevent  the  free  access  of  water 
to  the  hole.  It  is  driven  with  the  driving- 
cylinder,  which  is  withdrawn,  leaving  it  in 
place,  by  simply  unclamping  the  collar.  This 
shell  forms  the  fold  for  that  portion  of  the 
pile  above  the  bed  of  the  stream,  and  is  left 
permanently  in  place. 

The  Simplex  pile  was  used  in  construct- 
ing the  extensive  foundations  for  the  new 
Engineer  School  at  Washington  Barracks, 
District  of  Columbia,  and  a  rather  careful 
study  of  its  action  was  made  by  the  army 
engineers  in  charge,  Capt.  Sewell  and  Lieut. 
Clarke  S.  Smith.  From  a  description  fur- 
nished the  writer  by  Lieut.  Smith  the  fol- 
lowing data  of  interest  are  taken: 

The  ground  where  the  concrete  piles  were 
driven  is  about  100  ft.  back  from  the  river 
wall  along  the  Potomac.  The  character  of 
the  material  penetrated  was  determined  by 
borings  and  pits,  and  proved  to  be  quite 
variable.  The  surface  of  the  ground  when 
work  began  was  yellow  clay  mixed  with 
loam.  From  four  to  five  feet  below  this  is 
a  stratum  of  blue  silt  or  clay,  moderately 
well  dried  out  and  compacted.  The  thick- 
ness of  this  stratum  is  variable,  and  in  some 
places  is  5  or  6  feet.  It  is  underlaid  by  wet 
sand  and  gravel.  The  blue  silt  or  clay  was 
no  doubt  formed  by  deposit  from  the  river, 
since  a  half-century  ago  the  shore  line  ex- 
tended about  150  ft.  further  inland. 

„       ■.     r>  .  .*      cu  If      A       The  reference  of  the  tops  of  the  piles  at 

Fig.  i5.~Dnvmg  Shell  and    ,.^  ,  .      ,      *^  .       r. 

Cap     for     Constructing  difterent  places  varies  between  11  and  14  it. 

"Simplex"  Pile  in  Place,  above  mean  low  water,  and  the  change  in  the 

surface  of  the  river  due  to  tides  is  between  4  and  5  ft,  and  due  to 

freshets  reaches  11  or  12  ft.     From  tests  it  was  determined  that  the 

upper  yellow  clay  would  not  stand  500  lbs.  pressure  per  sq.  ft.  without 
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serious  settlement.  This  small  bearing  power  was  caused  by  the  soft 
layer  of  blue  silt  or  clay.  As  the  ground  is  alternately  wet  and  dry, 
wooden  piles  could  not  be  used. 

For  concrete  piles  the  apparatus  consisted  of  a  wrought-iron  shell, 
an  interior  driving  form,  a  concrete  point,  a  pile-driver,  and  frame 
and  tackle  for  drawing.  The  wrought-iron  shells  were  made  of  J<-in.- 
thick  boiler-steel  and  were  ii  ft.  long.  The  same  shells  were  used 
throughout  the  work  with  occasional  repairs  to  rivets,  etc.  The 
interior  driving-form  was  a  lo-in.  cast-iron  pipe.  The  lower  end  of 
this  pipe  fitted  over  the  tenon  of  the  concrete  point,  and  the  upper 
end  held  a  driving-head  of  black  ash,  so  arranged  as  to  drive  both  the 
form  and  the  shell.  The  shell,  form,  and  point  were  driven  with  a 
2,20O-lb.  hammer  falling  lo  ft.,  and  the  penetration  at  the  last  few 
blows  averaged  1-3  in.,  the  point  of  the  pile  being  then  embedded  in 
the  sand.  When  the  driving-form  was  raised  it  generally  brought  np 
the  tenon  of  the  point,  which  had  been  broken  off  by  the  shock  of 
driving.  This  left  a  rough  top  on  the  point  favorable  for  a  good  bond 
between  the  concrete  point  and  the  concrete  which  was  then  dropped 
into  the  shell. 

Enough  concrete  was  placed  in  the  shells  at  one  time  to  make  a 
layer  about  12  ins.  thick.  Each  layer  was  rammed  and  the  shell 
was  gradually  withdrawn,  so  that  there  was  always  about  6  ins.  of 
concrete  in  the  bottom  of  the  shell.  Since  the  piles  were  constructed 
during  the  wet  season,  this  process  prevented  the  water  from  entering 
the  shell  and  kept  the  earth  from  caving  in.  Work  progressed  during 
rainy  weather  almost  as  well  as  in  good  weather. 

It  was  found  that  the  piles  could  be  constructed  so  that  their  axes 
centered  well  upon  the  positions  staked  out.  The  variation  to  one 
side  was  sometimes  3  or  4  ins.  On  account  of  an  occasional  small 
boulder,  the  pile  would  sometimes  glance  oflF  to  one  side  and  take  up 
a  position  oblique  to  the  vertical,  but  this  defect  could  usually  be 
remedied  when  the  shell  was  being  withdrawn.  Difficulty  was  ex- 
perienced at  first  in  drawing  the  shell  from  the  ground,  but  after  the 
apparatus  was  perfected  there  was  little  trouble. 

To  determine  the  bearing  value  of  these  piles,  one  of  them  was 
constructed  at  some  distance  from  the  buildings;  the  concrete  was 
allowed  to  set  two  weeks  and  the  pile  was  then  tested  and  dug  up. 
The  result  of  the  test  was  as  follows : 
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Date. 

Pounds. 

Change 
in  LeVel 
Reading. 

April    9,  1903 

it               it 

578 
5,859 
7,674 

0.000  ft. 

0.000** 

0.000*' 

9.357 

0.000'* 

''               " 

11,749 

0.000" 

April  10,  1903 

15,135 

0.000" 

"              '* 

16,000 

0.000" 

April  17,  1903 

18,604 
21,760 

0.000" 
0.000" 

«              *( 

25,951 

0.002" 

i(              << 

29,949 
32,525 

0.004" 
0.008" 

April  18, 1903 ^. 

34,123 
34,123 

0.008" 
0.009" 

•*              ** 

37,000 

Q.OO9" 

41,095 

0.009" 

The  pile  when  dug  up  showed  a  uniform  cross-section  and  the 
point  was  intact,  but  not  very  well  bonded  to  the  upper  part  of  the 
pile.  However,  the  pile  set  squarely  on  the  point  and  was  thus  fur- 
nished with  a  good  bearing.  The  length  of  the  pile  over  all  was  13  ft. ; 
the  length  of  the  point  being  3  ft. 

At  the  site  of  another  building  the  ground  consistejj  of  an  upper 
layer  5  ft.  thick  of  mud  pumped  in  from  the  river  during  the  last  year. 
Below  this  is  a  stratum  of  soft  clay  and  loam  about  3  ft.  thick  which 
gradually  becomes  harder  yellow  clay  as  the  distance  below  the  sur- 
face increases. 

There  were  also  some  piles  constructed  17  ins.  in  diameter  and 
about  35  ft.  long.  They  penetrated  very  dry  soft  blue  silt  and  landed 
up  in  sand.  The  principle  was  entirely  similar  to  that  used  for  the 
short  pile,  but  a  shell  of  ^-in.-thick  boiler-steel  was  employed.  On 
account  of  the  great  friction  on  the  outside  of  these  shells,  they  were 
very  difficult  to  draw  until  the  plan  of  painting  the  outside  with  grease 
or  heavy  oil  just  prior  to  driving  was  adopted. 

The  concrete  points  were  made  of  i  part  vulcanite  Portland 
cement,  2  parts  concrete  sand,  and  5  parts  broken  stone  (run  of 
■crusher)  all  by  volume.  The  concrete  for  the  pile  was  one  part  Old 
Dominion  Portland  cement,  3  parts  concrete  sand,  and  5  parts  gravel 
by  volume. 

The  apparatus  employed  in  constructing  Raymond  concrete-steel 
piles  is  of  rather  elaborate  character.  In  brief,  a  core  jacketed  with 
a  shell  of  thin  steel  plate  is  driven  into  the  ground  and  is  then  with- 
drawn, leaving  the  shell  in  place.  Figs.  16  and  17  show  the  con- 
struction of  the  core.     It  is  made  in  two  longitudinal  halves  of  cast. 
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steel  between  which  is  fitted  a  cast-steel  key,  with  wedge-shaped  lugs. 
When  the  core  is  assembled  for  driving  these  lugs  spread  the  twa 


Fig.  i6. — Driving  Core  Expanded  for  Constructing  "Raymond"  Pile  in  Place. 

halves  apart  as  shown  by  Fig.  i6.  and  the  three  parts  are  secured  by 
a  horizontal  key  through  the  head.  The  steel  casing  is  slipped  over 
the  assembled  core,  and  the  whole  is  driven  by  any  ordinary  pile-driver 
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by  means  of  a  driving-cap  which  sets  over  the  head  of  the  core  and 
has  horizontal  wings  fitting  into  the  guides  of  the  pile-driver.    When 


"Fig.  17. — ^Raymond  Driving  Core  Collapsed  and  Being  Withdrawn  from  Shell. 

the  driving  is  completed  the  horizontal  key  is  taken  out  and  the  cen- 
tral key-piece  of  the  core  is  lifted  until  the  lugs  slip  into  the  recesses 
in  the  side  pieces.     This  position  is  shown  by  Fig.  17,  and  it  allows 
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the  core  to  close  together  or  collapse  so  that  it  can  be  easily  with- 
drawn from  the  shell,  the  end  of  which  is  shown  projecting  above  the 
ground  in  Fig.  17. 

The  rein  forcing-bars  arc  inserted  inside  the  shell  in  their  proper 
position  and  the  remaining  space  is  then  filled  with  concrete.    Piles 


Fig.  18. — View  showing  Heads  of  Raymond  Concrete  Piles  Ready  for  Wall 

Footing. 


constructed  in  this  manner,  but  without  reinforcement,  have  been 
employed  successfully  in  a  number  of  structures.  In  constructing  a 
library  building  at  Aurora,  111.,  142  piles  20  ins.  in  diameter  at  the  top 
and  13  ins.  in  diameter  at  the  bottom  were  driven  by  an  ordinary  pile- 
driver  with  a  2400-lb.  hammer  liaving  a  drop  of  from  20  to  25  ft 
The  penetration  at  each  blow  ranged  from  J4  in.  to  2  ins.  The  shell 
used  was  made  of  No.  20  sheet  iron  and  the  concrete  was  i  part 
Portland  cement,  2  parts  sand,  and  4  parts  broken  stone.    The  material 


METHODS  OF  CONSTRUCTION  IN  BUILDING  WORK.    387 

pea^trated  was  filled  ground  overlying  rock  at  a  depth  of  14  ft.  The 
heads  of  the  piles  were  enclosed  in  concrete  foundation  walls  as 
shown  by  Fig.  18. 


CHAi^TER  XIV.— methods  of  CONSTRUCTION  IN  BUILD- 
ING WORK. 

':^N  directing  building  work  in  concrete-steel  the  eng^ineer  has  a  long 
list  6f  traditions  to  overcome.  Foremen  and  masons  whose  training 
has  been  wholly  in  the  use  of  concrete  as  a  filler  over  brick  arches  or 
trough  sections  of  steel  do  not  readily  perceive  that  a  reinforced  con- 
crete floor-slab  is  a  radically  different  structure  and  must  be  fabricated 
according  to  entirely  diflferent  standards  of  workmanship.  To  meet 
this  difficulty  the  engineer  has  to  arm  himself  with  a  rigidly-drawn 
specification  and  careful  supervision  and  inspection.  The  require- 
ments for  materials  and  workmanship  in  concrete-steel  construction 
and  the  imperative  necessity  of  enforcing  them  have  been  discussed  in 
a  preceding  chapter.  Negligence  in  these  matters  is  frequntly  pun- 
ished by  disaster  in  concrete-steel  buildirrg  work. 

Cost  of  Forms. — The  successful  construction  of  buildings  in  rein- 
forced concrete  is  quite  as  much  a  matter  of  intelligent  planning  and 
expert  carpentry  in  constructing  and  erecting  the  forms  as  it  is  a  mat- 
ter of  careful  manipulation  and  workmanship  in  setting  the  reinforce- 
ment and  molding  the  concrete  around  it.  A  building  of  the  factory 
type  of  reinforced  concrete  throughout,  including  footing,  outside  and 
inside  columns,  walls,  girders,  beams  and  floor-plates,  roofs  and 
stairs,  will  cost  the  contractor  seldom  less  than  $20  per  cubic  yard 
of  concrete  placed,  and  of  this  cost  from  25  per  cent,  to  35  per  cent, 
will  be  for  forms,  including  materials,  erection,  and  removal.  These 
are,  of  course,  round  figures,  since  it  is  evident  that  the  cost  of  forms 
must  vary  between  wide  limits  depending  upon  the  design,  the  times 
the  forms  can  be  reused,  and  other  obvious  variables.  For  example, 
the  cost  of  forms  for  the  16-story  Ingalls  building  at  Cincinnati,  O., 
including  foundations,  columns,  walls,  floors,  stairs,  and  all  other 
parts,  was  $5.85  per  cubic  yard  of  concrete  in  place,  whereas  in  con- 
structing a  4-story  shoe-factory  in  the  same  city,  including  only  foot- 
ings, beams,  and  floor-plates,  the  forms  cost  the  same  contractors 
about  $6.25  per  cubic  yard  of  concrete  in  place. 

The  following  statements  as  to  the  cost  of  forms  in  building  con- 
struction have  been  secured  from  a  number  of  expenenced  contrac- 
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tors  and  designers  of  this  class  of  work<     The  costs  given  include 
materials,  erection,  and  removal: 

(i)  For  plane  floor-slab  construction,  such  as  is  common  with 
expanded  metal,  International  metallic  sheeting,  and  Clinton  fabric, 
the  cost  of  fonns  may  go  as  low  as  $2.20  per  cubic  yard  on  a  i6-ft 
span  with  a  400-]b.  load,  and  as  hisfh  as  $3.25  per  cubic  yard  on  a 
1 6- ft.  span  with  a  lOO-lb.  load.  For  beam  and  plate  construction,  such 
as  is  used  by  Ransome  and  others,  the  cost  of  forms  will  run  from 
$5.50  per  dubic  yard  on  a  i6-ft.  span  with  a  500-lb.  load,  to  $10.50  on 
the  same  span  with  loo-lb.  load. 

(2)  The  forms  for  concrete-steel  floors  will  cost  from  4>i  cts.  to 
6  cts.  per  square  foot,  including  everything.  The  forms  for  a  concrete 
wall  4  ins.  thick  will  cost  from  8  cts.  to  1 1  cts.  per  square  foot  of  wall. 
The  forms  for  a  column  cost  22  cts.  per  lineal  foot,  the  quantity  of 
concrete  being  3.7  cu.  yds.  per  100  lin.  ft  of  column. 

(3)  For  floor  work  the  cost  of  the  forms  will  range  from  10  cts. 
to  20  cts.  per  square  foot,  for  wall  work  the  cost  should  not  exceed 
5  cts.  per  square  foot  based  upon  the  area  of  one  side  of  the  wall  only. 
Where  forms  can  be  used  several  times  over  in  a  single  building  the 
cost  often  runs  below  the  above  minima. 

(4)  Experience  on  about  30  buildings  shows  that  it  is  rarely  possi- 
ble to  furnish  the  centering  and  remove  it  for  much  less  than  $4  per 
cubic  ^ard,  and  that  only  by  very  bad  management  or  under  unfavor- 
able circumstances  can  the  cost  exceed  $6  per  cubic  yard. 

Floon  Supported  between  Beanu.— The  construction  of  floors  of  the 
types  designed  to  be  carried  by  steel  I  beams  is  a  comparatively  simple 
process.  With  rare  exceptions  such  floors  are  plain  flat  plates  or 
plain  arches,  and  they  are  built  on  centers  consisting  of  plain  lagging 
boards  carried  on  joists  or  arched  ribs.  Fig.  19  shows  a  form  of 
center  designed  for  flat  plate  floors  carried  on  the  top  flanges  of  the 
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Fic.  19. — Center  for  Slab  Floor  Carried  on  Tops  of  Beams. 

beams.  For  similar  floors  resting  on  the  bottom  flanges  the  center 
shown  by  Fig.  20  is  employed;  this  center  is  usually  hung  from  the 
beams  by  hook-bolts  or  other  suitable  devices.  A  common  form  of 
center  for  plain  arch  floors  is  shown  by  Fig.  21.  All  these  centers 
are  built  of  wood,  and  are  within  the  ability  of  any  ordinary  carpenter 
to  construct.  The  lagging  used  should  be  smooth-dressed,  chiefly 
to  prevent  the  adhesion  of  the  concrete  to  it,  but  perfect  smoothness 
is  not  essential  otherwise,  since  the  underside  of  the  plate  is  usually 
concealed  by  a  suspended  ceiling  or  else  is  covered  with  a  plaster 
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finish.  To  reduce  still  further  the  chance  of  adhesion  the  lagging  can 
be  greased  or  soaped  or  it  may  be  covered  with  a  sheet  of  paper  or 
cloth.  Ample  means  to  prevent  the  adhesion  of  the  lagging  to  the 
concrete  should  be  provided,  otherwise  the  striking  of  the  centers  is 
certain  to  subject  the  floor  to  injurious  shocks  and  to  tear  away  por- 
tions of  the  underside  of  the  slab.  The  practice  of  jarring  the  lagging 
loose  by  blows  of  a  sledge  or  crowbar  is  wholly  reprehensible. 

The  method  of  placing  the  reinforcement  and  the  concrete  which 
embeds  it  depends  largely  upon  the  character  of  the  reinforcing  ele- 
ment.    It  should  always  be  such  that  the  reinforcement  occupies  the 


Fig.  20. — Center  for  Slab  Floor  Carried  on  Lower  Flanges  of  Beams. 


Fig.  21. — Center  for  Arch  Floor  Between  Beams. 

position  in  the  slab  which  the  designer  intended  it  to  occupy  and  that 
the  metal  is  thoroughly  embedded  in  the  concrete.  The  concrete  slab 
should  be  a  continuous  piece  of  construction.  These  are  essential 
requirements  to  the  strength  and  stability  of  the  construction,  and  if 
they  are  not  met  perfectly  the  structure  is  to  that  degree  imperfect 
and  unable  to  perform  the  duty  its  designer  intended  it  to  perform, 

With  network  reinforcement,  when  a  single  bottom  net  is  used,  it 
is  usually  laid  directly  on  the  centering  and  the  concrete  is  deposited 
in  a  single  layer  on  top.  This  is  the  normal  mode  of  procedure  with 
expanded  metal  reinforcement,  but  a  better  practice  is  to  deposit  a 
thin  bed  of  concrete  first,  or,  at  least,  to  make  certain  that  the  concrete 
gets  under  all  portions  of  the  netting  by  lifting  it  with  hooks  as  the 
concrete  is  placed.  With  Monier  netting  a  bed  of  mortar  is  always 
laid  first  on  the  centering;  the  netting  is  laid  on  this  and  then  the 
remainder  of  the  mortar  is  placed  on  top  of  the  netting.  When  upper 
and  lower  nettings  are  employed,  the  latter  is  placed  as  already  de- 
scribed and  the  concrete  filled  above  to  the  level  of  the  second  netting; 
this  is  then  laid  on  the  concrete  and  covered  above  to  the  depth  re- 
•quired.  The  concreting  of  floors  with  bar  reinforcement  is  a  somewhat 
more  particular  task.  Usually  a  bed  of  concrete  is  placed  on  the  center 
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and  on  this  the  bars  are  laid  in  their  designed  locations;  concrete  is 
then  filled  above  to  the  level  of  the  second  layer  of  bars,  which  is  laid 
exactly  like  the  first,  or  in  case  only  one  layer  of  bars  is  used  the  filling 
is  carried  up  to  the  top  of  the  floor-plate  at  once.  With  certain  forms 
of  bar  reinforcement  like  the  Columbian,  the  bars  are  hung  in  place 
from  the  beams  before  concreting.  The  setting  of  bar  and  stirrup 
reinforcement  calls  for  particular  care.  The  bars  are  placed  on  a 
bed  of  concrete  spread  on  the  centers  with  the  stirrups  under  them 
at  the  proper  points.  To  keep  these  stirrups  in  position  a  small  mound 
of  concrete  is  packed  around  the  foot  of  each  one.  The  filling  above 
them  proceeds  with  care  not  to  disarrange  the  stirrups  and  to  get  the 
concrete  in  thorough  contact  with  them.  With  all  dry  mixtures  this 
is  practically  a  task  of  the  fingers.  With  rib  reinforcing  members, 
like  the  Melan  and  Wiinsch,  the  mode  of  procedure  is  exactly  the 
same  as  in  constructing  bridge  arches  of  these  types,  except,  of  course, 
that  the  concrete  is  deposited  in  one  layer  and  for  the  full  arch  at  once. 
Certain  forms  of  network  reinforcement,  the  most  noted  example -af 
which  is  the  Roebling  woven-wirc  netting,  are  sufficiently  stiff  when 
arched  between  I  beams  and  of  such  fine  mesh  that  they  themselves 
serve  as  a  centering  upon  which  the  concrete  is  deposited.  In  such 
cases  the  metal  is  never  thoroughly  embedded  in  the  concrete  and  the 
arch  has  to  be  plastered  on  the  underside. 

Monolithic  Floors.— The  ordinary  form  of  monolithic  floor  is  a  flat 
plate  stiffened  underneath  by  ribs  which  serve  the  purposes  of  girders 
and  floor-beams.  Generally  the  ribs  are  beams  of  uniform  depth,  but 
sometimes  they  are  arch  ribs.  In  either  case  the  center  has  to  be  so 
shaped  that  it  will  mold  both  ribs  and  plate.  A  somewhat  elaborate 
construction  is  required  to  accomplish  this,  and  it  must  furthermore 
be  supported  from  below  by  means  of  a  staging  of  some  sort.  Gen- 
erally also  the  task  of  placing  the  reinforcement  and  depositing  the 
concrete  requires  more  care  than  in  the  case  of  floors  between  steel 
beams.  A  few  examples  from  practice  will  illustrate  both  features  of 
work. 

Forms. — The  drawings  of  Fig.  22  show  the  centers  commonly 
employed  in  constructing  ribbed  floors  of  the  Hennebique  type,  when 
the  construction  of  the  centers  and  the  concreting  are  in  a  measure 
simultaneous  processes.  The  molds  for  the  main  girders  or  ribs  are 
first  built  up  to  the  level  of  the  bottoms  of  the  secondary  beams  by 
erecting  the  pieces  A,  B,  and  C,  and  the  bottom  board  is  carried  by 
the  post  D,  and  the  side  boards  A  and  B  are  clamped  to  it  by  means  of 
metal  clamps  of  the  form  illustrated  by  Fig.  23.  To  give  the  beveled 
edges  to  the  girders,  triangular  strips  E  are  nailed  to  the  side  boards. 
In  the  mold  thus  formed  the  bottom  portion  of  the  main  girder  is  con* 
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creted  nearly  to  the  tops  of  the  side  pieces  A  and  B,  The  construction 
of  the  molds  for  the  secondary  ribs  or  the  floor-beams  is  then  com- 
menced. Battens  or  cleats  F  arc  nailed  to  the  side  pieces  A  and  B, 
to  carry  the  ends  of  the  bottom  boards  G,  which  are  also  supported  at 
intermediate  points  by  posts  H.  The  upper  boards  /  of  the  main  gir- 
der forms  are  then  placed  and  the  side  boards  /  and  K  of  the  beam 
forms  are  clamped  to  the  edges  of  the  bottom  boards  G,  The  placing 
of  the  lagging  L  completes  the  center.     The  concreting  of  the  re- 


FiG.  22. — Forms  of  Hennebique  Slab  and  Girder  Floor. 

mainder  of  the  main  girder,  the  floor-beams,  and  the  plate  then  pro- 
ceeds. It  is,  of  course,  possible  to  erect  the  forms  complete  instead  of 
in  sections,  and  in  that  case  the  concreting  is  a  continuous  process. 

A  modification  of  the  form  just  described  is  illustrated  in  Fig.  24. 
This  form  was  employed  for  molding  the  floors  for  the  Ingalls  office 
building  at  Cincinnati,  O.  The  clamp  consists  of  a  bent  iron  rod  on 
the  tail  of  which  slides  a  washer,  with  an  eccentric  hole  a  little  larger 


A 


Fig.  24. — Floor  Girder  Form  Employed  at 
Ingalls  Building,  Cincinnati,  Ohio. 


Fig.  23. — Clamp  for  Girder 
Forms,  Hennebique  Construc- 
tion. 

than  the  diameter  of  the  rod.  By  driving  this  washer  toward  the  hook 
it  becomes  "bound"  on  the  rod  and  tightly  clamps  the  side  boards  to 
the  bottom  board  of  the  mold.  A  blow  with  a  hammer  loosens  the 
washer  and  consequently  the  clamp.  These  forms  were  carried  on 
timbers  between  the  column  molds  and  by  posts  at  the  center  of  span. 
The  drawings  of  Fig.  25  illustrate  a  form  of  centering  employed 
in  building  the  floors  of  the  Eastwood  Company's  foundry  and  de- 
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scribed  on  p.  193.  The  construction  resembles  that  of  the  Hennebique 
centering  previously  described,  and  only  the  devices  employed  for  pro- 
ducing the  expansion  joints  in  the  floor-slabs  and  the  planes  of  weak- 
ness in  the  main  girders  call  for  description.  The  expansion  rebates 
in  the  floor-slabs  are  formed  against  the  temporary  strips  A  nailed 
over  the  beam  mold.  These  strips  are  removed  after  the  concrete  has 
hardened  and  before  the  joining  slab  is  built.  The  lines  of  weakness 
in  the  main  girders  are  pro<luced  by  building  them  in  two  parts  in  the 
same  mold.     One  half  of  the  mold  is  first  shut  off  by  the  partition 


floor      Bttom     Molds. 

B9H.  BBp 


]^ 


IaJ 


Fig.  25.- 


Moin    Girder   Molds. 
-Forms  for  Slab  and  Girder  Foundry  Floor,  Eastwood  Company, 
Patcrson,  N.  J. 


board  B  held  in  place  by  wedges  and  the  other  half  is  concreted. 
When  this  concrete  has  hardened  the  board  and  wedges  are  removed 
and  the  second  half  is  concreted. 


Fig.  26  shows  the  mold  employed  in  building  the  floors  for  the 
works  of  the  Pacific  Borax  Company,  which  arc  described  on  p.  23* 
These  molds  consist  of  boxes  having  solid  sides  and  top  but  no  bottom, 
and  exactly  corresponding  in  shape  and  dimensions  to  the  cavity  of 
the  panel  between  each  pair  of  floor-beams  and  the  girders  with  which 
they  connect.  A  number  of  these  molds  are  set  side  by  side  with 
their  ends  resting  on  stringers  carried  by  the  column  molds  and  with 
an  interval  between  each  two  equal  in  width  to  the  thickness  of  the 
floor-beam.     The  bottoms  of  these  intervening  spaces  are  closed  by 
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boards  C  resting  on  cleats  D,  and  they  thus  form  molds  for  the  floor- 
beams.  To  facilitate  the  removal  of  the  mold  it  is  cut  into  halves 
along  the  plane  AB,  These  two  halves  are  clamped  together  by  the 
slotted  plates  £,  which  when  loosened  allow  the  two  parts  to  slide  and 
so  partly  collapse  the  mold.  The  drawings  of  Fig.  27  show  a  similar 
mold  employed  in  constructing  the  floors  of  the  Kelley  &  Jones  brass 
factory  which  are  described  on  p.  192.  In  these  molds  collapsibility 
is  secured  by  a  longitudinal  hinged  joint  in  the  top  lagging  which 
allows  the  bottom  edges  to  close  together  when  the  cross  braces  are 
removed.  In  constructing  this  building  enough  molds  were  made  to 
construct  one  entire  floor,  and  they  were  usually  left  in  place  seven 
days  after  the  concrete  was  placed. 

Fig.  28  shows  the  girder  and  slab  mold  for  building  the  floors  of 
the  Central  Felt  &  Paper  Company's  factory  which  are  described  on 


Fig.  26. — Forin  for  Slab  and  Girder  Factory  Floor  for  Pacific  Coast  Borax 
Company,  Constable  Hook,  N.  J. 

pp.  208  and  217.  In  this  mold  the  bottom  piece  is  separate  and  easily 
detached  from  the  vertical  side  pieces.  Both  bottom  board  and  side 
pieces  are  independently  supported  on  transverse  cap  planks  carried 
by  posts  spaced  6  ft.  to  8  ft.  apart  along  the  center  line  of  the  girder. 
The  bottom  pieces  were  single  3-in.  planks  and  the  side  pieces  were 
made  of  4X?^-in.  boards  nailed  to  2X4-in-  top  and  bottom  timbers.  A 
third  2X4-i"-  horizontal  piece  near  the  top  received  the  loose  ends  of 
the  transverse  joists  which  carried  the  lagging  for  the  floor-slab.  Ver- 
tical pieces  under  the  ends  of  the  joists  transmitted  their  loads  to  the 
bottom  piece  and  to  the  post-caps.  The  lower  edges  of  the  side  pieces 
were  temporarily  screwed  to  the  bottom  plank  and  their  upper  edges 
were  spaced  by  occasional  cross  pieces  from  which  the  rein  forcing- 
rods  were  suspended  prior  to  placing  the  concrete.  The  first  lagging 
-boards  for  the  floor-slabs  were  nailed  to  the  side  pieces  and  to  the  ends 
of  the  joists,  but  the  others  were  laid  loose.  After  the  floor-slab  had 
set  about  seven  days,  the  joists  were  revolved  90°  to  lay  on  their  flats 
on  the  side  pieces  and  the  lagging  followed  them  down  to  a  level  about 
4  ins.  below  the  ceiling.    A  few  days  later  the  side  pieces  were  un- 


394 


RKIN FORCED    CONCRETE. 


screwed  and  removed,  leaving  only  the  bottom  board  supported  in  place 
by  the  false  works  posts.  The  bottom  boards  were  left  in  place  about 
three  weeks  and  were  then  dropped  about  i  in.  by  removing  fillers 
from  the  post-caps.  The  centering  remained  in  this  position  for 
another  week.  The  advantage  claimed  for  this  form  of  mold  arrange- 
ment is  that  it  allows  the  concrete  to  be  quickly  freed  to  the  action  of 
the  atmosphere  while  remaining  supported  until  it  is  well  hardened. 


64'(htio(ht 


Fig.  27. — Forms  for  Floors  for  Factory  Building  at  Grecnsburg,  Pa. 


Fig.  28. — Form  for  Slab  and  Girder  Factory  Floor  for  Central  Felt  and 
Paper  Company,  Long  Island  City,  N.  Y. 

Staging  for  Forms. — The  f^oor  forms  are  supported  in  position  for 
the  concreting  by  staging  or  false  work  carried  on  the  finished  floor 
beneath  the  one  being  constructed.  This  false  work  is  of  simple  con- 
struction ;  it  consists  usually  of  uprights  resting  on  double  wedges  on 
the  finished  floor  and  bearing  against  the  bottoms  of  the  beam  and 
girder  molds  at  the  tops.     Diagonal  boards  connect  the  successive 
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uprights  and  brace  them  together  into  a  stable  false  works.  The 
principal  precautions  to  be  taken  are  to  have  the  false  work  strong 
enough  to  carry  its  load  and  to  use  uprights  with  sufficient  frequency 
to  make  sure  that  the  beam  and  girder  molds  do  not  deflect  materially 
betw^een  supports.  Generally  speaking  the  uprights  should  be  not 
over  5  ft.  apart  under  girder  and  beam  molds.  Unless  the  span  of 
the  floor-slab  is  considerably  over  5  ft.,  the  lagging  will  not  need  to  be 
supported  between  beams,  but  at  least  a  2-in.  lagging  is  necessary  and 
one  considerably  thicker  will  be  preferable.  Where  intermediate 
support  is  required  for  the  slab-lagging  it  may  be  secured  by  uprights 
carrying  plank  caps.  The  entire  false  work  should  be  so  designed  that 
its  removal  can  be  accomplished  rapidly  and  easily  and  without  shock 
and  stress  to  the  concrete  floor  which  it  supports.  The  amount  of 
timber  required  for  false  work  is  considerable,  since  it  is  seldom  possi- 
ble to  count  on  reusing  any  part  oftener  than  once  a  fortnight  in  cold 
weather  and  once  a  week  in  warm  weather,  and  the  contractor  can 
profitably  spend  considerable  thought  in  designing  his  stagings  so  as 
to  economize  material  and  to  preserve  as  much  of  it  as  possible  for 
future  use. 

Concreting. — Careful  workmanship  is  essential  in  placing  the  rein- 
forcement and  the  concrete  in  floor  construction.  The  process  of  con- 
creting is  in  other  respects  simple.  Usually  the  placing  of  the  rein- 
forcement and  the  concrete  proceed  simultaneously,  but  in  some  cases 
they  are  made  separate  operations.  In  placing  the  concrete  and  rein- 
forcement for  Hennebique  floors  the  following  mode  of  procedure  is 
the  generally  accepted  practice:  A  bed  of  concrete  is  first  placed  in 
the  bottoms  of  the  beam  and  girder  molds,  and  on  it  are  laid  the 
tension-bars  with  the  stirrups  slipped  under  them  and  held  in  position 
and  upright  by  small  mounds  of  concrete  packed  around  their  bottoms. 
'The  remaining  concrete  is  then  placed  and  rammed  in  2-in.  layers 
until  the  level  of  the  floor-slab  is  reached.  The  rein  forcing- rods  and 
stirrups  of  this  are  then  blocked  up  on  the  floor-lagging  or  laid  on  a 
bed  of  concrete  exactly  as  in  constructing  girders.  Care  has  to  be 
exercised  to  make  certain  that  the  stirrups  are  kept  in  contact  with 
the  tension-bars  and  that  neither  is  distorted  or  shifted  in  position  by 
the  ramming.  The  practice  of  Mr.  Hennebique,  and  of  European 
engineers  generally,  is  to  use  a  moderately  dry  concrete,  and  this,  with 
the  stirrup  reinforcement,  calls  for  very  thorough  and  careful  ram- 
ming to  secure  a  perfectly  embedded  skeleton  and  a  homogeneous  and 
compact  concrete.  With  bar  reinforcement  alone  the  process  of  con- 
struction is  much  more  simple;  this  is  particularly  the  case  if  a  wet 
concrete  is  used,  as  is  the  usual  American  practice. 

Instead  of  placing  the  reinforcement  piece  by  piece  as  described 
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above,  the  practice  is  sometimes  adopted  of  erecting  the  skeleton  com- 
plete before  any  concrete  is  place^l.  An  excellent  example  of  this  pro- 
cedure is  presented  by  the  construction  of  the  girders  in  the  factor)' 
of  the  Central  Felt  and  Paper  Company,  at  I^ng  Island  City,  N.  Y. 


Roof  Beam. 


Fig.  29. — Girder  and  Beam  Reinforcement  Assembled  for  Erection,  Central 
Felt  and  Paper  Company,  Long  Island  City,  N.  Y. 

In  this  work  the  girder  and  beam  skeletons  were  connected  up  com- 
pletely, as  is  indicated  by  the  drawings  of  Fig.  29,  and  suspended  in 
the  molds  from  cross-pieces  resting  on  their  top  edges,  as  shown  by 
Fig.  28.  The  concrete  was  made  very  wet,  so  that  little  ramming  was 
required  to  settle  it  well  around  the  metal. 

In  concreting  the  floors  for  the  Kelley  &  Jones  factory  at  Greens- 
burg,  Pa.,  the  concrete  was  compacted  in  the  beam  and  girder  molds 
by  cutting  it  with  a  spade  having  a  6y(^\Sy(^%-in.  blade  attached  to  a 
5-ft.  gas-pipe  handle.  The  concrete  of  the  floor-slab  was  compacted 
by  rolling,  using  first  a  3X3'^*-  250-lb.  wooden  roller,  then  a 
2j/.X'2/^-ft.  500-Ib.  iron  roller,  and  finally  a  2>/>X2K^-ft.  700-lb.  iron 
roller.  This  mode  of  procedure  is  reported  to  have  given  excellent 
results. 

Wlicn  the  concreting  of  the  floor  cannot  be  made  a  continuous 
process  from  start  to  finish,  which  is  usually  the  case,  care  must  be 
exercised  in  stopping  off  one  day's  work  and  m  joining  the  next  day's 
work  to  the  break.  If  the  floors  are  divided  into  panels  by  expansion 
and  shrinkage  joints,  like,  for  example,  the  floor  for  the  Eastwood 
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foundry  illustrated  on  pp.  193  and  194,  the  usual  practice  is  to  make 
the  concreting  of  each  section  continuous  and  in  each  day's  work  to 
begin  and  finish  a  new  set  of  sections.  When  these  natural  stopping- 
places  are  not  available  it  is  the  best  practice  to  stop  each  day's  work 
with  an  inclined  face  over  the  beam  and  girder  molds.  In  no  case 
should  the  concreting  be  stopped  before  the  full  depth  of  the  floor  has 
been  completed  over  the  entire  area  of  the  section  chosen  for  a  day's 
work. 

In  warm  weather,  and  particularly  when  the  floor  receives  the  direct 
sunlight,  it  is  advisable  to  keep  the  surface  well  sprinkled,  or  covered 
with  a  cloth  kept  constantly  wet,  to.  prevent  the  formation  of  surface 
cracks.  The  finish  of  concrete  floors  calls  only  for  brief  mention. 
When  they  arc  to  be  covered  with  wood  flooring  the  usual  practice  is 
to  place  nailing-strips  in  the  slab  and  fill  between  them  with  a  cement 
of  cinder  and  mixture.  Mosaic  slate  or  marble  slab  flooring  is  of 
course  laid  directly  on  the  concrete  with  the  usual  plaster  bed.  When 
granolithic  or  other  special  finish  is  employed  it  should  always  be  laid 
if  possible  while  the  concrete  is  still  soft.  In  case  this  procedure  is 
impossible  the  concrete  surface  should  be  roughened  and  well  washed 
with  water  and  then  a  grout  wash  used  to  join  the  finishing  coat  to 
the  slab. 

Columns. 

Columns  are  molded  in  place  in  vertical  forms  which  are  usually 
built  upward  from  the  bottom  in  short  sections  as  the  concreting  pro- 
gresses. Sometimes,  however,  the  form  is  erected  complete  the  full 
height  of  the  column  and  the  concrete  is  filled  in  from  the  top.  With 
the  first  construction  the  ramming  of  the  concrete  in  layers  is  quite 
practicable,  and  it  is  preferred  by  many  engineers  for  that  reason. 
When  the  forms  are  built  to  their  full  height  at  the  start  the  ramming 
of  the  concrete  can  be  accomplished  only  by  means  of  long-handled 
rammers  much  like  cannon-rammers,  and  then  only  with  danger  of  dis- 
turbing the  reinforcement.  In  such  cases  it  is  the  more  common  prac- 
tice to  use  a  very  liauid  concrete  and  trust  to  gravity  and  its  fluidity 
for  the  complete  filling  of  the  mold  and  the  thorough  embedding  of 
the  metal. 

Forms. — Fig.  30  shows  the  form  used  in  constructing  the  i6-ft.  col- 
umns for  the  factory  of  the  Pacific  Coast  Borax  Company.  In  this 
construction  four  corner  uprights  are  erected  and  are  covered  with 
short  lengths  of  vertical  boarding  with  the  joints  under  the  horizontal 
cleats.  These  cleats  are  notched  at  the  ends  to  provide  for  tie-rods 
with  nuts  which  screw  up  and  clamp  the  form  together.  At  the  top 
of  the  form  the  column  uprights  are  notched  to  carry  stringers  which 
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reach  from  column  to  column  and  serve  to  carry  the  floor-molds.  This 
form  is  open  for  concreting  on  all  four  sides  at  the  top  of  each  section 
of  vertical  boarding. 

The  part  elevation  and  transverse  section  of  Fig.  31  show  the  form 
usually  employed  in  molding  Hennebique  columns.  The  vertical  side 
boards  A,  B,  and  C  are  erected  to  the  full  height  of  the  column  and 
are  secured  by  cleats  and  metal  clamps  D.  The  fourth  side  F  is  built 
up  from  the  bottom  with  horizontal  boards  as  fast  as  the  concreting 
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Fig.  30.  —  Forn.  for 
Column  for  Factory 
of  Pacific  Coast  Borax 
Company,  Constable 
Hook,  N.  J. 
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Fig.  31. — Standard 
Column  Form, 
Hennebique  Con- 
struction. 
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Fig.  ^2. — Column  Form  Em- 
ployed at  Ingalls  Building, 
Cincinnati,  Ohio. 


progresses.    This  form  is  quickly  and  easily  removed,  but  it  permits 
concreting  from  only  one  side. 

The  column  forms  employed  in  building  the  16-story  Ingalls  Build- 
ing at  Cincinnati,  Ohio,  were  constructed  substantially  as  shown  by 
Fig.  32.  \'ertical  boards  secured  by  horizontal  cleats  form  the  four 
sides  of  the  form.  Clamps  with  two  yokes  A  and  two  spacing- 
pieces  B  hold  the  sides  of  the  form  in  place  after  erection.  To 
hold  these  forms  in  place  longitudinal  and  transverse  X-bracing 
was  fastened  between  them.  The  other  details  are  indicated  by  the 
drawings. 
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Fig.  33  shows  the  forms  for  interior  columns  for  the  factory  of  the 
Central  Felt  and  Paper  Company,  Long  Island  City.  It  has  three  con- 
tinuous sides  and  one  sectional  side,  the  lat- 
ter being  built  up  of  horizontal  boards  as 
the  concreting  progressed.  It  will  be  noted 
from  this  sketch  that  the  horizontal  ties 
were  all  temporarily  assembled  on  the  ver- 
tical bars  near  the  top  before  concreting 
was  begun.  This  enabled  the  ties  to  be 
slipped  down  and  located  without  delay  to 
the  concreting. 

In  constructing  the  Kelley  &  Jones  fac- 
tory at  Greensburg,  Pa.,  use  was  made  of 
the  column  molds  shown  by  Figs.  34  and 
35-     ^Jg-  34  shows  the  form  construction 
for  the  interior  columns.    This  is  built  with 
four    separate    side    pieces    of    5>4X?^-i'^- ^^^•33— Column  Form  Em- 
planed  boards  having  one  beveled  edge  and    P^oye6.t  F-toryof Ce^^^^^^^ 
one  square  edge.    On  two  opposite  sides  the   Long  Island  City,  N.  Y. 
boards  are  vertical  and  are  nailed  to  the 

edges  of  horizontal  cleats  spaced  20  ins.  apart ;  the  other  two  sides  are 
made  of  horizontal  boards  nailed  to  a  pair  of  outside  vertical  cleats. 
The  horizontal  cleats  project  beyond  the  sides  of  the  mold  and  are 
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Section  A*B. 
Fig.  34. — Form  for  Interior  Column,  Kelley  &  Jones  Factory,  Greensburg,  Pa. 


slotted  to  receive  the  tie-rods  which  clamp  the  four  sides  of  the  mold 
together.    The  topmost  cleats  project  about  2  ft.  beyond  the  sides  of 
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the  mold  and  are  made  heavy  to  carry  the  main  girder  forms,  as  is 
shown  hy  Fig.  34.  Vertical  struts  reaching  to  the  floor  below  support 
the  ends  of  these  long  cleats.  The  other  details  of  the  construction  are 
shown  by  the  drawings.  The  outside  column  molds  were  similar  in  a 
general  way  to  those  for  the  interior  columns,  except  that  all  the 
boarding  was  set  vertically,  and  as  the  columns  were  hollow  a  core  or 
mandrel  was  used  inside  the  form  to  shape  the  hollow  interior.  Fig.  35 
is  a  drawing  of  one  of  the  corner  piers  of  columns,  and  Fig.  35  (a) 
shows  the  construction  of  the  core.  To  collapse  these  cores  the  cross- 
piece  resting  in  the  slots  was  revolved  on  the  bolt  as  an  axis  until  it 
slipped  free  of  the  slots  and  allowed  the  sides  to  close  together. 
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Fjg.  35. — Form  and  Core  for  Wall-column,  Kelley  &  Jones  Factory, 
Green sburg,  Pa. 

Figs.  36  and  37  show  the  construction  of  the  molds  employed  in 
building  the  architectural  columns  for  the  Nassau  County  Court-house 
at  Mineola,  L.  I.  F'ig.  36  is  the  mold  for  one  of  the  twelve-sided 
columns  in  the  court-room.  It  is  made  of  wooden  staves  doweled 
together  and  hooped  with  adjustable  iron  straps.  Fig.  37  is  the  mold 
for  the  fluted  portico  columns.  These  columns  have  nominally  circu- 
lar perimeters,  but  they  are  really  24-sided  polygons.  The  mold  con- 
sists of  24  staves  doweled  together  and  hooped  around  by  adjustable 
bands ;  the  flutes  are  of  plaster  of  Paris  secured  to  the  inside  of  the 
mold  at  the  angles  of  the  staves  by  screws.  In  removing  the  molds  the 
screws  were  loosened  and  the  staves  stripped  off,  leaving  the  plaster 
strips  in  place  as  a  protection  to  the  column. 

Concreting. — The  first  step  in  molding  a  column  after  the  form  is 
erected  is  to  set  up  the  reinforcement.    This,  as  already  stated,  gen- 
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crally  consists  of  four  or  more  vertical  rods  lengthwise  of  the  column 
and  of  horizontal  ties  which  bind  these  rods  in  position  at  intervals 
vertically.  In  case  the  column  is  concreted  entirely  from  the  top  of 
the  full-height  form  this  reinforcement  has  to  be  erected  complete  be- 
fore the  last  side  of  the  form  is  anally  closed  in.  When  the  form  is 
built  up  in  short  vertical  sections  as  the  concreting  progresses,  the 
horizontal  ties  can,  if  desired,  be  placed  just  ahead  of  the  filling,  but 
the  main  rods  have  of  course  to  be  erected  complete  before  concreting 
begins.  When  the  filling  is  accomplished  from  the  top  of  a  full-height 
form  ramming  is  a  rather  difficult  process  and  the  concrete  must  be 
made  very  wet  to  insure  the  thorough  embedding  of  the  metal.  In 
constructing  the  columns  of  the  Ingalls  Building  at  Cincinnati,  Ohio, 
enough  concrete  was  deposited  at  one  time  to  fill  the  mold  about  12 


Fig.  36. — Form  for  Twelve-sided 
Column,  Nassau  County  Court- 
house. Minneola,  N.  Y. 


ys'BoiT 

Fig.  37.— Form  for  Fluted  Col- 
umn, Nassau  County  Court- 
house, Minneola,  N.  Y. 


ins.,  and  this  was  then  compacted  by  long-handled  rammers  before 
another  layer  was  deposited.  When  the  forms  are  built  up  just  ahead 
of  the  filling  the  deposition  and  ramming  of  the  concrete  in  layers  is 
much  simplified ;  thin  layers  can  be  employed  and  a  fairly  dry  concrete 
used  if  desired.  For  ramming  the  concrete  in  the  columns  for  the 
Kelley  &  Jones  factory  at  Greensburg,  Pa.,  a  rammer  of  the  following 
construction  was  used  with  notable  success:  The  handle  was  5  ft. 
long  and  was  attached  to  a  head  shaped  like  an  elongated  plumb-bob 
with  a  point  i  in.  in  diameter,  a  top  3  ins.  in  diameter,  and  18  ins.  long. 

W^'\LLS  AND  Partitions. 


Walls  and  partitions  are  molded  in  place  between  vertical  forms 
which  are  built  upward  in  sections  as  the  concreting  progresses. 

Forma. — The  principal  problem  in  wall  construction  is  the  design 
and  erection  of  the  forms  so  as  to  reduce  their  cost  to  the  lowest  pos- 
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sible  amount.  The  simplest  and  most  obvious  construction  for  a  wall- 
form  is  to  fix  posts  or  standards  at  intervals  on  both  sides  of  the  in- 
tended wall  and  to  sheath  them  inside  with  boards.  The  posts  arc 
fixed  in  place  by  outside  struts  and  by  connecting  ties  through  the 
wall-space.  Forms  constructed  in  this  manner  consume  a  large  amount 
of  timber,  which  is  usually  fit  only  for  the  roughest  of  uses  after  it  is 
removed,  but  they  are  very  frequently  employed,  and  where  lumber  is 
cheap  they  compare  favorably  in  cost  with  any  of  the  various  sectional 
forms  designed  to  be  built  upward  by  taking  away  the  rear  sections 
and  erecting  them  ahead  as  the  concrete  hardens. 

A  sectional  wall-form  in  familiar  use  in  England  is  shown  by  ibe 
drawings  of  Fig.  38.     The  posts  are  erected  and  held  the  proper  dis- 
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Fig.  38. — Sectional  Wall-form  Sup- 
ported by  Independent  Staging. 


Fig  39. — Sectional  Wall- form  Sup- 
ported by  Completed  Wall. 


tance  apart  by  tie-bolts  passing  through  conical  spaces.  On  both 
sides  of  the  wall-space  between  the  posts  are  set  shutters  made  up  of 
boards  nailed  to  battens.  These  shutters  are  set  flush  with  the  inner 
side  of  the  post  and  are  held  in  that  position  by  strips  nailed  to  the 
sides  of  the  posts.  The  battens  project  at  the  top  and  are  there  tied 
together  through  the  wall-space  by  bolts  and  spacers.  In  building  a 
wall  the  lowermost  shutters  are  removed  from  the  hardened  concrete 
and  set  on  top  for  concreting  another  "lift"  of  wall.  To  remove  the 
shutters  the  holding-strips  are  removed,  the  tie-bolts  unscrewed,  and 
the  taper  spacers  driven  out.  The  holes  left  in  the  wall  by  the  spacers 
are  ultimately  filled  with  mortar.  The  boarding  for  the  shutters  should 
be  narrow,  about  6  or  7  ins.  wide,  and  the  joint  should  be  as  tight  as 
is  practicable.  Many  patented  forms  of  sectional  wall-molds  exist,  but 
on  the  whole  they  offer  new  advantages  over  the  simpler  forms.  Those 
who  are  interested  will  find  a  number  of  these  molds  described  in 
Thomas  Potter's  "Concrete:    Its  Use  in  Building"  (London,  1894). 

A  form  of  wall-mold  successfully  employed  in  America  is  shown  by 
the  sketch  Fig.  39.     It  consists  of  slotted  standards  placed  in  pairs 
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at  intervals  along  the  wall  and  one  on  each  side  of  the  wall-space. 
The  two  standards  of  each  pair  are  connected  through  the  wall-space 
by  bolts  fitted  wMth  hand-nuts.  These  bolts  pass  through  the  slots  in 
the  standards,  and  the  molding-boards  are  set  up  against  their  inside 
faces.  In  operation  the  molds  are  filled  to  about  the  top  of  the  upper- 
most board,  the  bolts  are  then  slackened  and  the  standards  are  pushed 
up  a  space  and  ag^in  clamped  by  tightening  the  bolts.  The  advance- 
ment of  the  standards  liberates  some  of  the  bottom  boards,  and  these 
are  placed  on  top  to  extend  the  mold.     When  the  bottom  bolts  have 
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Fig.  40. — Details  of  Corner  form  for  Walls,  Pacific  Coast  Borax  Company, 
Constable  Hook,  N.  J. 


reached  the  lower  end  of  the  slot  they  are  taken  out  and  inserted  at  the 
top.  By  a  repetition  of  their  operations  the  concreting  of  the  wall  is 
continuous. 

When  comers  are  turned  a  special  mold  construction  is  necessary. 
One  form  of  corner  mold  is  shown  by  Fig.  38.  This  has  the  serious 
objection  that  the  concrete  is  perforated  by  the  bolt-  and  spacer-holes 
at  a  point  where  these  are  particularly  objectionable.    A  corner  form 
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Fig. 


-Wall -form  for 
Factory  of  Central  Felt 
and  Paper  Company. 
Long  Island  City.  N.  Y. 


which  has  been  employed  with  entire  success  in  America  in  a  number 
instances  is  shown  by  Fig.  40.  The  tie-bar  B  is  left  permanently 
in  the  wall. 

Fig.  41  shows  the  wall  form  employed  in 
constructing  the  wall  of  the  Central  Felt  and 
Paper  Company,  which  is  illustrated  on  p. 
217.  Each  panel  of  the  mold  consists  of  two 
vertical  side  pieces  3  ft.  high  and  16  ft.  long. 
For  the  first  course  they  were  seated  on  the 
ground  and  braced  by  props  on  both  sides. 
After  the  concrete  had  set  for  three  days, 
the  molds  were  loosened  and  lifted  until  the 
lower  edges  were  2  inches  below  the  top  of 
the  concrete.  In  this  position  they  were  sup- 
ported by  bolts  passing  through  sleeves 
resting  on  the  top  of  the  concrete,  and  their 
upper  edges  were  held  by  transverse  boards 
nailed  4  ft.  apart.  The  sleeves  used  con- 
sisted of  pasteboard  tubes,  it  being  found  that  these  were  just  as 
efficient  and  much  easier  to  point  and  trim  than  iron  pipe.  In  using 
this  mold  care  must  be  taken  to  start  the  wall  to  exact  line  and  dimen- 
sions and  to  finish  each  section  flush  with  the  top  of  the  mold.  Bond 
between  the  old  and  new  concrete  was  secured  by  washing  the  surface 
with  broom  and  hose  and  flushing  it  with  neat  cement. 

Wall-mold  Ties. — It  is  usual  in  thin  walls  to  use  a  tie  between 
standards  which  is  removed  completely,  leaving  a  hole  entirely  through 
the  concrete.  These  holes,  while  they  are  not  seriously  objectionable, 
are  better  avoided  if  possible,  and  an  endeavor  is  usually  made  to  limit 
their  number  and  to  have  them  located  in  the  least  objectionable 
places.  Where  the  walls  are  thick  it  is  always  difficult  and  sometimes 
practically  impossible  to  withdraw  the  ties  entirely,  and  if  they  are 
cut  off  flush  with  the  face  the  exposed  ends  rust  and  discolor  the 
masonry.  To  overcome  these  difficulties  use  has  been  made  in  a 
number  of  instances  of  detachable  wall-ties.  Two  examples  of  such 
devices  are  shown  by  Figs.  42  and  43. 

The  device  shown  by  Fig.  42  is  a  combination  of  rods,  castings, 
and  wire.  The  J^-in.  rods,  1  ft.  9  ins.  long  and  threaded  on  both  ends, 
are  placed  through  the  form  and  bracing-timbers  so  as  to  allow  suffi- 
cient clearance  for  tightening.  On  the  inner  end  is  fitted  a  casting, 
and  it  will  be  seen  that  the  threads  inside  of  the  casting  extend  but 
half  the  depth,  and  the  remainder  is  cored  to  i  inch  diameter.  It  may 
allow  mortar  to  surround  the  ends  of  the  rods,  but  that  is  provided 
for  by  oiling  or  greasing  the  rods  before  placing,  which  makes  their 
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removal  easy.  The  castings  are  simply  rough  castings,  but  the 
rounded  surface  of  the  wings  (A)  is  cast  or  filed  smooth  so  as  to 
leave  no  sharp  projections  to  cut  into  the  wires  when  they  are  tight- 


Engf,  Zai  inner 


V^mrHcal 


>*r-> 


f'lfhd  in  Concf^ts 
?\h  be  Oiled 


Oehail     of     Casting^    Enlonged. 


DetoH    Showing    Arrangement    of    Wires. 
Fig.  42.— Detachable  Tie  for  Wall-forms. 

ened.  The  castings  are  screwed  onto  the  inside  ends  of  the  rods  to 
their  final  positions  and  remain  permanently  in  the  concrete.  The 
wire  used  is  No.  10  annealed  fence-wire;  four  strands  securely  tied, 
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Fig.  43.— Detachable  Tie  for  Wall-forms. 

as  shown,  to  two  opposite  castings  and  tightened  by  turning  the  nut 
on  the  outside  ends  of  the  rods  until  about  2  inches  of  each  rod  will 
project  into  the  concrete.  After  the  concrete  has  hardened  sufficiently 
the  forms  are  removed,  the  rods  withdrawn,  and  the  depressions  left 
by  them  grouted,  thus  making  a  clean  face,  with  no  exposed  metal  to 
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cause  discoloration.  The  use  of  wire  also  eliminates  the  necessity  for 
any  previous  calculations  for  lengths  of  ties,  and  enables  a  stock  of 
castings,  short  rods,  and  wire  to  be  kept  to  anticipate  the  demand, 
thus  avoiding  delays. 

The  advantages  claimed  for  the  device  shown  by  Fig.  43  are  that 
there  are  no  threaded  bolts  or  nuts  or  wrench  to  use  in  putting 
together  or  taking  down  the  forms.  The  clamp  is  made  of  malleable 
iron  and  is  put  through  the  form,  and  a  twisted  wire  of  the  desired 
strength  is  placed  on  the  hook.  The  cam  is  then  tightened,  by  placing 
a  2- ft.  piece  of  gas-pipe  on  the  handle  for  leverage.  To  release  the 
forms  it  is  only  necessary  to  reverse  the  cam,  when  the  1  bolt  is  at 
once  freed  from  the  wire  tie  and  the  clamp  can  be  immediately  re- 
moved, leaving  the  tie  in  the  concrete.  The  form  is  then  taken  down 
and  the  hole  left  by  the  bolt  is  filled  with  cement. 

Concreting. — In  building  walls  the  concrete  is  deposited  and  rammed 
in  layers.  The  practice  of  French  engineers  is  to  make  these  layers 
quite  thin,  seldom  over  4  inches.  In  America  6-inch  layers  are 
commonly  employed,  arid  often  the  thickness  is  increased  to  8  inches. 
The  usual  practice  in  concreting  is  to  carry  up  the  walls  uniformly  all 
around  the  building,  making  each  day's  work  a  continuous  operation. 
The  concrete  is  mixed  wet  and  is  not  heavily  tamped,  but  rather 
joggled  into  place. 

Roofs. 

Roof  construction  does  not  differ  materially  from  floor  construction 
in  reinforced  concrete.  When  the  construction  is  of  previously  cast 
plates  the  task  consists  simply  in  attaching  these  to  the  roof  framing 
and  closing  the  joints  with  cement.  The  exact  mode  of  procedure 
varies  with  the  form  and  design  of  the  cast  plate.  The  corrugated 
plate  roofing  shown  on  p.  221  is  constructed  by  attaching  the  plates 
to  the  rafters  and  purlins  by  means  of  clips  and  then  plastering  it 
on  both  sides  with  cement  mortar.  Roofs  built  in  place  over  an  iron 
framework  and  monolithic  roofs  recjuire  forms  for  their  construction. 
These  may  be  quite  simple  in  the  case  of  plane-roofs,  or  very  com- 
plicated in  the  case  of  domed  roofs  with  ribs  and  panels.  For  plane 
roofs  the  forms  are  substantially  the  same  as  those  used  for  floor  con- 
struction of  the  corresponding  character.  In  illustrating  the  dome 
roof  for  the  Nassau  County  Court-house,  New  York,  described  on 
page  225,  the  form  used  for  molding  the  concrete  is  shown  in  place. 
As  will  be  seen,  a  circular  working  floor  was  built  at  the  height  of  the 
column  tops,  supported  on  light  vertical  studs,  and  on  it  were  built 
the  molds  shown  in  the  half-sections.  Three  horizontal  scarf-boarH 
rings  were  set  to  hold  the  vertical  paneling  for  the  inner  surface  0 
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the  drum,  and  from  this  was  blocked  and  braced  the  paneling  for  its 
outer  surface  and  for  both  vertical  surfaces  of  the  outside  concentric 
cylindrical  wall.  Radial  scarf-boards  in  vertical  planes  were  sup- 
ported on  3X4-in.  studs  to  carry  a  continuous  surface  of  horizontal 
courses  of  paneling,  on  which  3X4-in.  circular  horizontal  pieces  cut  to 
horizontal  radius  were  set  and  received  the  continuous  planed  curve 
of  the  intrados.  The  extrados  of  the  dome  shell  was  formed  against 
sectional  plaster  molds  spaced  and  supported  from  the  outside  panel- 
ing by  separator-lugs.  The  plaster  molds  were  reinforced  with  wire 
netting,  and  were  made  in  horizontal  strips  18  inches  wide,  with  a  lug 
cast  on  each  corner. 

After  the  ceiling  dome  had  set,  the  upper  drum  and  roof  dome 
were  built  in  similar  molds  supported  at  the  circumference  on  the 
concrete  structure  and  at  the  center  on  vertical  studs  set  in  the  cen- 
tral light-well.  As  the  intrados  of  the  roof  dome  is  not  exposed  to 
view,  it  is  made  on  straight  paneling,  which  gives  the  horizontal  sec- 
tion a  polygonal  instead  of  a  circular  outline,  but  makes  the  vertical 
section  curved.  This  enables  a  single  set  of  horizontal  paneling- 
boards,  nailed  directly  to  the  radial  scarf-boards,  to  suffice  for  the 
mold  for  the  intrados.  The  plaster  molds  for  the  extrados  of  the  roof- 
dome  shell  are  similar  to  those  for  the  ceiling  dome,  but  have  no 
integral  lugs  and  are  separated  from  the  inside  paneling  by.  wooden 
spacers,  to  which  they  are  secured  by  horizontal  circular  wires  on  the 
outside.  These  blocks  are  removed  as  the  concrete  is  built  up  to  them. 
The  horizontal  joints  of  the  mold-blocks  are  covered  by  2-in.  iron 
straps.  Spacing-blocks  are  nailed  to  the  inner  paneling,  as  shown  in 
the  detail  section,  to  locate  the  radial  rods. 

Chimneys. 

In  constructing  chimneys  of  concrete-steel,  the  task  to  be  performed 
is  to  build  two  concentric  shells  of  concrete  with  an  annular  space 
between  them  which  is  intersected  radially  by  ribs  or  buttresses  that 
spring  from  the  opposite  shells  and  nearly  meet  along  the  median 
line  of  the  annular  space.  The  universal  mode  of  procedure  is  to 
build  the  shells  and  buttresses  in  vertical  sections  formed  by  a  mold 
which  is  moved  upward  as  the  concreting  progresses.  A  staging  or 
tower  of  timber  is  erected  inside  the  chimney,  its  top  being  kept  well 
above  the  highest  level  of  the  concreting,  and  from  this  tower  the 
molds  are  hung  by  adjustable  suspender-rods.  In  the  accompanying 
drawings  Fig.  44  shows  the  assembled  apparatus  in  elevation  and  in 
plans;  Fig.  45  shows  the  shell-molds;  Fig.  46  gives  the  details  of  the 
core-molds  for  forming  the  annular  space,  and  Fig.  47  shows  the 
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Fia  44.— Details  of  Wall-molds  for  Stack  of  Electric  Power-hoase, 
Los  Angeles,  Cal. 
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construction  of  the  hoops  for  the  shell-molds.  This  apparatus  was 
employed  in  constructing  the  i8o-ft.  chimney  for  the  power-house  of 
the  Pacific  Electric  Railway  Company  at  Los  Angeles,  Cal.,  and  its 
manipulation  is  best  explained  by  a  description  of  that  work. 

A  timber  tower  about  6J^  ft.  square  was  built  up  on  the  center  line 
of  the  chimney  a  little  in  advance  of  the  work.    This  tower  was  built 


Vertical   Section. 
Fig.  45. — Details  of  Wall-molds  for  Los  Angeles  Chimney. 


with  four  legs  braced  together  on  all  four  sides  by  horizontals  and 
intersecting  diagonals.  Across  the  topmost  horizontals  there  were 
placed  two  pairs  of  transverse  beams  about  16  ft.  long  which  canti- 
levered  about  5  ft.  beyond  the  sides  of  the  tower  and  supported  the 
molds.  The  inner  and  outer  molds  were  each  suspended  from  the 
cross-beams  by  four  equally  spaced  vertical  rods  having  threaded  tops 
which  engaged  screw-wheels  bearing  on  the  beams.  A  light  working- 
platform   was  bracketed  out   from   the   outside   mold   near  the  top, 
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and  a  concrete  platform  was  hung  from  this  mold  and  a  little  below 
it  to  catch  dropping  material  or  a  falling  workman.  Inside  the  chim- 
ney a  staging  was  supported  from  the  tower  on  which  the  workman 
stood  in  placing  and  tamping  the  concrete. 


"WTTWT^^rop  stocks 


Enlarged    Detail  of  Core  Box. at  A. 
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Fig.  46. — Details  of  Core-molds  for  Los  Angeles  Chimney. 

The  shell-molds  shown  by  Fig.  45  were  made  w^ith  vertical  wooden 
staves  12  ft.  long  beveled  to  an  angle  of  10°  on  both  edges  so  as  to  be 
in  contact  on  the  face  next  the  concrete  and  have  a  V-shaped  opening 
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on  the  opposite  face.  The  staves  were  hooped  together  with  bands 
built  up  of  ^-in.  strips  of  Oregon  fir  to  a  thickness  of  5  ins.  and  a 
width  of  4  ins.  The  ends  of  these  bands  were  connected  by  the  jaw- 
forgings  and  sleeve-nuts  shown  in  Fig.  47.  Six  of  these  bands  or 
hoops  were  used  for  each  mold,  they  being  located  outside  the  staves 


Fig.  47. — Details  of  Hoops  for  Wall-molds. 


in  the  outside  mold  and  inside  the  staves  for  the  inside  mold.  To 
attach  the  molds  to  the  suspenders  a  iyiy(^%-'m.  bar  with  an  eye  at  the 
top  and  a  length  of  12  ft.  was  bolted  to  each  hoop  in  a  vertical  posi- 
tion at  the  four  points  on  the  circumference  directly  beneath  the 
suspender-bars. 

The  space  between  the  inner  and  outer  shells  was  formed  by  means 
of  core-boxes  inserted  between  the  faces  of  the  molds.  The  con- 
struction of  these  core-boxes  is  shown  by  Fig.  46.  Each  consisted 
of  two  parts  separated  by  a  wedge-shaped  timber.  To  collapse  the 
cores  the  wedges  were  drawn  inward,  and  to  spread  them  they  were 
forced  outward.  The  edges  of  the  wedges  of  adjacent  cores  in  place 
nearly  touched,  but  to  insure  perfect  separation  between  the  opposite 
shells  at  the  ribs  a  J^-in.-square  strip  was  tacked  to  the  edge  of 
each  wedge. 

The  concreting  was  done  in  5- ft.  sections,  and  one  section  was  com- 
pleted every  day.  All  material  was  raised  through  the  falsework 
tower  by  means  of  an  electric  hoist,  and  the  tamping  and  placing  of 
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the  concrete  was  done  from  the  inside  staging.  To  make  the  exten- 
sion of  the  falsework  tower  possible,  a  telescopic  section  24  ft.  long 
was  built  at  the  upper  end.  When  it  was  desired  to  build  up  the 
main  tower  this  section  was  advanced  and  clamped  and  the  bearings 
of  the  cantilever  beams  were  transferred  to  it.  Two  panels,  5  ft.  high, 
of  the  main  tower  were  then  erected. 

The  sequence  of  daily  operations  was  about  as  follows:  In  the 
morning  the  hoops  of  the  outside  mpld  were  loosened  and  the  form 
was  raised  ten  feet  by  screwing  up  the  suspender- rods  with  the  hand- 
wheels.  The  hoops  were  then  tightened,  clamping  the  bottom  of  the 
mold  to  the  upper  2  ft.  of  chimney  finished  the  night  (about  14  hours) 
before.  The  cores  were  then  collapsed  and  pulled  out  in  pieces,  first 
the  wedges  and  then  the  shells.  They  were  then  cleaned  and  assem- 
bled and  set  in  position  for  the  next  length  of  work.  The  inside 
molds  were  then  raised  and  the  whole  form  was  leveled  up  and  secured 
firmly.  Concreting  was  then  begun  and  the  5-ft.  section  was  com- 
pleted at  about  five  o'clock  in  the  afternoon.  To  keep  the  concrete 
properly  wetted  during  construction  a  circular  pipe  pierced  with 
numerous  holes  was  attached  to  the  bottom  of  the  outside  mold  and 
connected  with  the  city  water-mains.  This  device  kept  the  concrete 
below  the  molds  thoroughly  sprayed  with  water. 


CHAPTER  XV.— METHODS   OF  CONSTRUCTION   IN 
BRIDGE-WORK. 

The  sequence  of  operation  in  constructing  an  arch  bridge  of  rein- 
forced concrete  is  substantially  the  same  as  that  adopted  in  masonry 
arch  construction.  Girder  bridges  of  concrete-steel  are  built  like 
floors  of  that  material,  and  they  will  not  be  considered  further.  Arch- 
bridge  construction  involves  the  following  items  of  work:  (i)  Arch 
centers;  (2)  arch-ring  construction;  (3)  spandrel  construction;  and 
(4)  parapet-wall  construction. 

Arch  Centers. — In. general  design  and  construction  the  centers  cm- 
ployed  for  building  concrete-steel  arches  are  substantially  the  same 
as  centers  for  masonry  arches,  and  for  equal  loads  the  same  rules  and 
practice  serve  for  both.  There  is  this  essential  difference,  however, 
between  centers  for  concrete-steel  arches  and  for  masonry  arches: 
the  former  serve  as  molds  for  shaping  the  soffit  of  the  arch  ring  and 
as  a  support  for  the  forms  for  molding  the  arch-ring  face  and  the 
spandrel  walls.    This  difference  calls  for  certain  obvious  modifications 
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of  construction,  but  necessitates  no  radical  change  in  general  design 
and  arrangement.  In  certain  forms  of  concrete-steel  arches  in  which 
exceptionally  strong  reinforcing-ribs  are  used  the  practice  is  some- 
times adopted  in  Europe  of  carrying  a  portion  of  the  weight  of  the 
center  and  its  load  of  concrete  by  suspension  from  the  reinforcing- 
ribs.  This  practice  has  not  gained  recognition  in  the  United  States, 
and  would  seem  to  be  of  doubtful  expediency  under  all  ordinary  condi- 
tions. For  most  forms  of  arch-reinforcement,  like  the  Monier, 
Thacher,  Hennebique,  it  is  of  course  impracticable. 

Mr.  Edwin  Thacher,  M.  Am.  Soc.  C.  E.,  specifies  the  following 
requirements  for  the  general  design  of  arch  centers : 

The  lagging  shall  be  dressed  to  a  uniform  thickness,  so  that  when 
laid  it  shall  present  a  smooth  surface,  or  it  shall  be  made  smooth  by 
plastering  or  other  efficient  means.  In  framing  the  centers  allowance 
shall  be  made  for  settlement  of  centerings,  deflection  of  arch  after  the 
removal  of  centerings,  and  for  permanent  camber.  The  centers  shall 
be  framed  for  a  rise  of  arch  greater  than  the  rise  marked  on  drawings 
by  an  amount  equal  to  one  eight-hundredth  of  the  span. 

In  constructing  plain  arches  the  necessary  soffit-mold  is  secured 
by  using  smoothly  dressed  lagging  or  by  giving  the  lagging  a  smooth 
surface  by  a  suitable  covering.  The  smooth  dressing  and  perfect  fit 
of  the  lagging  accomplishes  all  the  purposes  of  a  special  covering,  and 
usually  at  a  cost  which  is  no  greater,  and  this  is  the  only  means  usually 
sought  for  securing  a  smooth  soffit-mold.  When  conditions  render 
necessary  the  use  of  undressed  lagging-timber  a  plastering  of  wet  clay, 
or  of  mortar  covered  with  thick  psper  or  with  cloth,  have  been  found 
to  give  a  satisfactory  covering.  It  is  common  practice  even  with 
dressed  lagging  to  employ  a  paper  or  cloth  covering  for  the  purpose 
of  preventing  adhesion  between  the  concrete  and  the  lagging  which 
might  disturb  the  ready  striking  of  the  centers.  Smearing  the  lagging 
with  soap  or  with  oil  is  practiced  for  the  same  purpose.  It  is  recom- 
mended by  European  authorities  that  a  mineral  oil  be  used  for  this 
purpose,  as  the  disintegration  of  the  vegetable  and  animal  oils  pro- 
duces acids  which  attack  the  concrete. 

The  construction  of  the  soffit-mold  for  ribbed  arches  is  a  more 
particular  task ;  it  involves  the  construction  in  wood  of  a  negative  of 
the  paneled  soffit,  and  its  difficulty  depends  upon  the  intricacy  of  the 
paneling.  The  illustrations  previously  given  of  forms  for  ribbed  floors 
indicate  the  general  character  of  the  work  required. 

A  requisite  of  an  arch  center  second  only  to  its  strength  and  sta- 
bility is  ease  of  removal,  and  the  provisions  for  striking  centers  for 
concrete-steel  arches  should  be  quite  equal  to  those  for  stone-arch 
centers.    The  devices  usually  provided  for  this  purpose  are  wedges  or 
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fiand-boxes  or  both.  Sand-boxes,  when  they 
work  as  they  are  supposed  to  work,  allow  of 
a  very  gradual  and  uniform  lowering  of  the 
arch,  but  they  sometimes  fail  to  operate  per- 
fectly because  of  the  packing  of  the  sand,  due 
to  wetting  with  silt-bearing  water,  or  to  dirt 
or  cement  finding  its  way  into  the  box.  The 
careful  sealing  of  the  boxes  against  the  en- 
trance of  foreign  matter,  and  their  frequent 
inspection,  are  obvious  precautions  against 
trouble  from  this  source.  Sand  is  not  entirely 
incompressible,  and  in  a  succeeding  paragraph 
an  incident  is  cited  where  serious  trouble 
arose  from  the  compressibility  of  the  sand- 
cushions  used  to  carry  the  centers. 

Examples  from  Practice. — The  following 
examples  of  arch  centers  taken  from  recent 
work  will  serve  to  illustrate  current  practice 
in  connection  with  the  discussion  on  pp.  152 

to  155. 

The  illustrations  of  the  Jacaquas  River 
bridge  given  by  Figs.  48  and  49  show  the  form 
of  centering  used  for  the  arches  of  that  struc- 
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Fig  49. — Cross-section  of  Center  for  Jacaquas 
River  Bridge. 
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ture.  The  centering  proper  was  carried  by  transverse  pile-bents  in 
the  channel  span  and  on  timber  bents  in  the  side  spans.  The  piles  for 
the  channel-span  bents  were  driven  to  refusal  with  a  2.240-lb.  ham- 
mer, and  the  sills  of  the  timber  bents  were  carried  on  concrete  footings 
built  in  pits  excavated  from  2  to  6  ft.  deep,  according  to  the  nature 
of  the  ground.  The  ribs  of  the  centers  were  spaced  6J^  ft.  center  to 
center,  and  were  covered  with  4X6-in.  lagging  set  on  edge.  Sand- 
boxes, 10  ins.  in  diameter  and  12  ins.  high,  were  used  at  all  points  of 
support.  It  was  observed  that  the  centering  settled  under  the  weight 
of  the  concrete  much  more  than  was  anticipated,  and  after  consid- 
erable search  the  greater  part  of  this  settlement  was  traced  to  the 
sand-boxes,  some  of  them  going  down  ij4  ins.  or  more.  The  plungers 
were  as  close-fitting  as  would  work.  An  experiment  was  made  by 
carefully  packing  a  sand-box   and  then  sledging  down   a   plug  the 
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Fig.  51.— Center  for  80-ft.  Melan  Arch,  Washington,  D.  C. 


size  of  the  plunger  employed.  This  plug  was  sledged  down  about 
3  >ns. 

In  planning  the  construction  of  the  arch  centers  and  the  spandrel- 
wall  forms  for  the  Maryborough  Bridge,  Queensland,  which  is  de- 
scribed on  page  242,  the  centers  were  made  of  pine  timber  and 
consisted  of  six  ribs  4  ins.  thick  supported  on  caps  carried  on  piles 
driven  into  the  river-bed  at  the  center  of  each  span,  the  outer  ends 
being  carried  on  the  staging  of  the  piers.  Each  rib  was  2  ft,  deep  at 
the  center  and  i  ft.  deep  at  the  ends,  and  was  formed  of  two  flitches 
bolted  together  as  shown.  The  lagging  was  of  iJ/J-in.  pine  planking. 
The  spandrel  molds  were  formed  of  \%-\n.  planking  on  studs,  and 
were  braced  against  piling.  Wedges  between  the  ribs  and  pile-caps 
provided  means  for  striking  the  centers. 

The  centering  for  the  Rock  Creek  bridge  built  in  the  National 
Park  at  Washington,  D.  C,  in  190 1  is  shown  by  Fig.  50.  Transverse 
four-pile  bents  were  driven  to  hardpan  and  sawed  off  about  2  ft.  below 
the  arch  soffit.    On  these  bents  transverse  caps  were  laid  with  double 
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wedges  on  each  pile-head.  These  caps  carried  the  ribs  of  the  center, 
which  were  placed  quite  close  together  and  braced  apart  by  transverse 
X-bracing  over  each  bent.  The  ribs  were  covered  with  transverse 
lagging.  The  other  details  of  the  center  construction  are  shown  by 
the  drawings  of  Fig.  50.  A  center  for  an  8o-ft.  Melan  arch  built 
over  the  same  stream  in  1902  is  shown  by  Fig.  51.  In  this  center  the 
posts  carried  timber  shoes  which  rested  on  concrete  footings.  Wedges 
over  each  post  provided  means  for  striking  the  center.  The  other 
details  of  construction  are  clearly  shown  by  the  drawings.  Fig.  52 
is  a  transverse  sectional  elevation  through  one  of  the  arch  centers  for 
|he  Zanesville,  O.,  Y  bridge.  A  timber  trestling  carries  each  rib  of 
6Xi4"J"-  o^  ^"d  8Xi4-in.  pine  spaced  36  ins.  apart  and  covered 
with  dressed  and  matched  lagging  of  Norway  pine  2  ins.  thick  and 
4  ins.,  6  ins.,  and  8  ins.  wide. 
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Fig   52. — Cross-section  of  Center  for  Bridge  at  Zanesville,  Ohio. 


An  unusual  form  of  center,  which  furnished  particular  advantages 
in  the  erection  of  spandrel-wall  forms,  was  employed  in  constructing 
tivo  ioo-ft.-span  arches  near  Mechanicsville,  N.  Y.,  in  1903.  Four- 
pile  bents  were  driven  through  the  mud  of  the  river-bottom  to  rock; 
the  piles  being  spaced  6  ft.  between  centers,  and  the  bents  10  ft. 
apart.  The  piles  were  capped  with  ioXi2-in.  pieces,  drift-bolted  to 
place,  and  four  lines  of  ioXi2-in.  stringers  were  drift-bolted  to  the 
caps,  bringing  the  structure  about  4  ft.  above  the  elevation  of  the 
spring-line  of  the  arches.  Posts  8X10  ins.  spaced  3  ft.  apart  were 
erected  on  the  stringers  and  cut  at  such  lengths  that  the  caps  on  top 
of  the  posts  conformed  to  the  curve  of  the  arch.    These  caps  were 
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8Xio  ins.  in  section  and  23  ft.  long,  projecting  3  ft.  beyond  the  faces 
of  the  arch  ring  for  convenience  in  bracing  the  forms  for  the  spandrel 
walls.  The  top  faces  of  the  caps  were  beveled  to  conform  to  the  curve 
of  the  arch.  The  lagging  was  then  put  on  parallel  to  the  center  line 
of  the  structure,  and  sprung  down,  and  nailed  to  place  over  the  caps. 
The  lagging  was  put  on  in  two  thicknesses  of  inch  boards.  Rough 
boards  were  used  for  the  Hrst  course,  and  good  stock,  planed  on  the 
upper  surface  and  carefully  jointed  and  laid,  for  the  top  course,  mak- 
ing a  smooth  surface  for  the  concrete.  Hard-wood  wedges  were  used 
under  the  posts  for  striking  the  centers. 

Pig-  53  shows  the   form  of  center  employed  in  constructing  the 
arch  of  the  Laibach  Bridge  in  Austria.     The  center  had  eight  ribs 

Table  XXXV. — Showing  Deflection  op  Arch  Centers  for 
Big  Muddy  River  Bridge. 


Elevation  taken  on  fnder  Side  of  Keys  of 
Main  Arches. 


Conditions  of  Work  when  Elevations 
Were  Taken. 


North  Arch.    ,    Center  Arch    !    South  Arch. 


Centers  ready  for  concrete 

Concrete  finished  in  main  arches , 

Compression  etc.,  of  centers 

Alternate  centers  removed 

Further  yield  of  centers , 

Rest  of  centers  removed « 

Deflection  o(  arches* , 

Total  change  from  original  height  of  cen- 
ters!  

Fiwred  elevations  on  plan 

Allowed  for  compression,  shrinkage,  etc 
Final  elevations  as  compared  with  orig- 
inal plan 


West 

Side. 

East 

Side 

West 
Side. 

East 
Side 

West 

Side. 

386.32 

386.21 

oil 

3S6  12 

O.OQ 

3S6.03 

0.09 

385.06 
384.92 

38492 
0.00 

38469 
023 

385.06 
384.92 

0°  '^ 
384.92 

0.00 
384.70 

0.2a 

3|5  95 

0.18 
385.77 

0.00 
385.70 

0.07 

^5.93 
385.70 

0.14 
385.70 

0.00 
38571 

0.08 

°37 
384.95 

O.II 

0.36 

38495 

0  II 

0.25 

385.60 

035 

0.23 

385.65 

0.33 

^.26 

-025 

fo.io 

-fo.io 

—0.21 

East 
Side 

^^ 
386.22 

O.II 

386.15 

0.07 

3S6.06 

0.09 

0.27 

386.24 

0.09 


•  The  greater  apparent  deflection  of  the  north  arch  includes  all  changes  due  to  the 
variation  of  50"  to  70^^  in  temperature,  from  July  2^,  1902,  to  Jan.  19,  1903. 

t  The  centers  were  loosened  on  dates  as  follows  •  North  Arch,  Aug.  8-15, 1902,  wedges 
were  loosened;  when  removed,  Jan.  19,  1903,  there  was  no  further  deflection  ofthe  arch; 
nb  of  arch  was  finished  July  25,  1902.  South  arch  was  finished  Oct.  5, 1902,  wedges  were  out 
Ian.  15, 1903.  Center  arch  finished  Dec  5, 1902,  wedges  were  out  Jan.  15, 1903.  Note.— The 
bridge  is  on  a  grade  of  o.ooi  per  cent.,  rising  to  the  south 

t  The  centers  of  the  middle  arch  were  set  highpurposeW "  ist.  To  make  this  arch  higher 
at  the  crown  than  its  position  on  the  grade ;  2d.  To  allow  tor  a  slight  movement  of  the  north 
pier,  which  had  apparently  yielded  under  the  thrust  of  the  north  arch,  which  was  finished  first, 
centers  being  loosened  before  any  centering  was  in  place  in  the  center  arch,  or  anything  in 
place  to  assist  this  pier  in  resisting  the  thrust. 


spaced  about  7  ft.  apart  and  braced  together  by  diagonal  battens. 
Each  frame  rested  on  seven  piles,  each  carrying  a  sand-box.  The 
upper  members  of  the  ribs  were  cut  in  the  middle  of  each  panel,  and 
here  rested  on  cross-timbers  A,  A  hung  from  the  steel  reinforcing-ribs 
by  means  of  hangers  as  shown  by  Fig.  54.    By  this  means  about  half 
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of  the  weight  during  erection  was  carried  by  the  steel  ribs  and  half 
by  the  centering. 


Fig.  53. — Arch  Center  for  Laibach  Bridge,  Austria. 


in  southern  Illinois. 


The  center  illustrated  by  Fig.  55  was  employed  in  constructing 
the  Illinois  Central  Railroad  bridge  crossing  the  Big  Muddy  River 
This  bridge  has  three  arches  of  140  ft.  span 
each.  The  two  end  arches  were  built  first,  and 
two  complete  sets  of  centering  were  provided 
for  their  construction.  To  provide  a  center 
for  the  middle  span  alternate  ribs  were  re- 
moved from  the  side-span  centers  and  re- 
erected  with  new  lagging.  The  centers  for  the 
side-span  were  set  i  in.  higher  than  the  cal- 
culated elevation  for  finished  concrete  work. 
A  careful  record  was  kept  of  the  deflection  of 
the  centers  and  of  the  arch,  and  the  results 
obtained  are  shown  by  Table  XXXV.  The 
load  coming  on  each  center  from  the  com- 
pleted arch  ring  was  about  3,000  tons,  or  from 
18  to  20  tons  per  pile  in  the  falseworks  carrying  the  centers. 

Arch-ring  Constniction. — The  construction  of  the  arch  ring  involves 
two  processes  which  may  or  may  not  proceed  simultaneously.  These 
processes  are  the  erection  of  the  metal  skeleton  or  reinforcement  and 
the  placing  of  the  concrete  which  embeds  the  skeleton. 

Erection  of  Reinforcement. — The  method  of  erecting  the  reinforce- 
ment varies  with  its  form  and  arrangement.  Certain  forms,  of  which 
the  Melan  may  be  taken  as  an  example,  are  self-supporting  or  require 
but  little  support  from  the  arch  center;  other  forms,  of  which  the 
Monier  will  serve  as  an  example,  have  practically  no  rigidity  by  them- 


FiG.  54— Hanger  to 
Carry  Centering  from 
Melan  Ribs,  Laibach 
Bridge. 
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selves  and  require  complete  support  by  the  center.  Again,  in  certain 
forms  the  erection  units  are  few  in  number  and  of  large  size,  and  may 
be  erected  complete  before  any  concreting  is  done,  while  in  others  the 
units  are  small  and  numerous  and  have  to  be  placed  and  embedded 
one  by  one  as  the  concreting  progresses.  Thus  while  certain  general 
rules  of  practice  are  common  to  the  erection  of  all  forms  of  reinforce- 
ment, the  mode  of  procedure  in  detail  is  different  for  each  form. 

In  Melan  construction  the  reinforcement  consists  of  parallel  arch- 
ribs,  which  are  either  rolled  I  beams  or  lattice  girders  bent  to  the 
curve  of  the  arch-ring.  For  short  spans  with  I-beam  ribs  each  rib 
is  in  a  single  piece,  and  the  only  ironwork  done  in  the  field  is  that 
required  to  attach  the  ends  of  the  ribs  to  the  cross-angles  in  the  abut- 


FiG.  55. — Center  of  Big  Muddy  River  Bridge,  Illinois  Central  R.  R. 

ments.  For  longer  spans,  with  lattice-girder  ribs,  the  ribs  are  usually 
received  in  two  or  more  segments  and  these  have,  of  course,  to  be 
joined  together  in  the  field.  When  hinged  ribs  are  employed,  as  in 
some  of  the  European  examples  of  Melan  bridges  which  have  been 
described  in  Chapter  VIII,  the  work  of  assembling  the  separate  parts 
is  still  more  extensive.  Generally  all  the  ribs  of  each  arch  are  accu- 
rately set  in  position  before  any  of  the  concrete  is  placed.  In  wide 
spans  in  which  the  concreting  is  done  in  longitudinal  sections  the 
placing  of  all  of  the  ribs  before  any  of  the  concrete  is  placed  is  not 
necessary.  The  ribs  are  first  fixed  to  elevation  and  distance  at  the 
ends.  They  are  then  lined  in  longitudinally  and  blocked  up  from 
the  lagging  of  the  center  to  the  proper  height  to  get  the  desired  thick- 
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tiess  of  concrete  underneath  them.  As  thus  set  up,  the  ribs  are  not 
extremely  rigid  against  lateral  displacement,  and  they  are  usually 
braced  at  several  points  in  their  length  by  diagonal  struts  from  the 
top  flanges  to  the  lagging.  These  braces  are  removed  one  after  an- 
other as  the  concreting  approaches  them. 

Forms  of  reinforcement  analogous  to  the  Melan,  like  the  Wunsch 
and  Bonna  forms,  are  erected  in  essentially  the  same  manner  as  the 


Fig.  56. — Centers  for  Topeka  Bridge,  Topeka,  Kan. 


Melan.  For  erection  purposes  the  Thacher  flat-bar  reinforcement  may 
be  considered  as  consisting  of  Melan  ribs  with  the  webs  eliminated, 
leaving  only  the  top  and  bottom  chords.  Generally  the  two  bars  of 
each  rib  are  erected  at  the  same  time  and  before  any  concreting  is 
done,  the  bottom  bar  being  blocked  up  from  the  center  the  requisite 
distances  from  the  arch  soffit  and  the  top  bar  being  similarly  supported 
in  position  near  the  extrados  of  the  arch  ring.  When  the  concreting 
is  done  in  transverse  sections,  planks  set  on  edge  across  the  arch 
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center  at  suitable  intervals  serve  both  as  end  molds  for  the  sections  of 
concrete  and  as  supports  for  the  reinforcing-bars. 

Monier  arches  are  usually  reinforced  by  an  intradosal  and  an 
extradosal  network.  The  center  having  Leen  erected,  the  first  oper- 
ation is  to  lay  down  the  intradosal  rein  forcing-net.  This  is  made 
up  of  rods  laid  parallel  to  each  other  and  to  the  longitudinal  axis 
of  the  bridge,  and  of  wires  crossing  these  rods  at  right  angles  and 
traversing  the  arch  ring  transversely.  The  distance  apart  of  these 
wires  and  rods  varies,  of  course,  with  the  span  and  load,  or  with  the 
strength  of  reinforcement  required.  When  the  cross- wires  have  been 
placed  they  are  tied  to  the  rods  at  alternate  intersections  by  means  of 
wire  ties.  So  far  as  is  practicable  splices  are  avoided,  but  when  a 
splice  is  necessary  it  is  made  by  lapping  the  rods  or  wires  a  distance 
of  at  least  20  times  their  diameter  and  wrapping  the  lap  with  fine 
wire.  An  effort  is  always  made  also  to  stagger  the  splices  of  adjacent 
bars  and  to  locate  all  splices  at  those  points  where  the  tension  in  the 
arch  is  least.  In  erecting  this  network  the  longitudinal  rods  are  laid 
first  and  then  the  cross-rods  are  placed  and  tied.  To  insure  the  accu- 
rate spacing  of  the  rods  and  bars,  their  alinement  is  frequently  marked 
on  the  paper  covering  the  lagging  of  the  center.  When  the  netting 
has  been  completed  it  is  blocked  up  from  the  center  and  concreting 
is  begun  and  continued  in  concentric  layers  until  the  plane  of  the 
extradosal  netting  is  reached.  This  netting  is  then  laid  onto  tl-c 
concrete  in  one  piece,  it  having  been  built  beforehand  ready  for  this 
operation. 

In  erecting  expanded-metal  and  other  forms  of  reinforcing  network 
which  are  furnished  in  sheets,  the  sheets  are  simply  spread  over  the 
center  with  overlapping  edges  so  as  to  cover  completely  the  lagging. 
In  some  cases  the  overlapping  edges  are  fastened  together  by  means 
of  fine  wire  ties.  The  network  being  completed  as  described,  it  is 
blocked  up  from  the  centering  and  the  concreting  begins.  The  extra- 
dosal net,  if  one  is  employed,  is  erected  in  practically  the  same  manner 
except  that  the  sheets  are  laid  out  upon  the  concrete  after  it  has  been 
brought  up  to  the  proper  level. 

The  erection  of  bar  and  stirrup  forms  of  reinforcement,  like  the 
Hennibique,  is  done  in  smaller  units  and  as  the  concreting  progresses. 
Taking,  for  example,  a  Hennebique  ribbed  arch,  the  sequence  of 
operations  is  substantially  as  follows :  The  proper  depth  of  concrete  is 
first  placed  in  the  bottoms  of  the  longitudinal  rib  molds  and  in  this 
the  first  bar  or  group  of  bars  are  laid  with  the  stirrups  hooked  under 
them  at  the  proper  intervals.  Mounds  of  concrete  packed  around 
the  bottoms  of  the  stirrups  serve  to  hold  them  vertical  unless  they 
are  of  considerable  length,  when  an  overhead  framework  is  built  to 
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support  them.  The  concreting  then  proceeds  until  the  level  of  the 
next  layer  of  bars  is  reached,  when  these  are  placed  exactly  like  the 
first  This  alternate  placing  of  the  concrete  and  the  metal  of  the 
reinforcement  continues  until  the  main  ribs,  the  transverse  ribs,  and 
the  arch  ring  are  completed  in  order. 

Bar  reinforcement,  like  the  Ransome,  Thacher,  and  corrugated  bars, 
is  erected  in  different  ways.  Usually  the  arrangement  of  the  bars 
is  in  pairs,  each  consisting  of  an  intradosal  and  an  extradosal  bar  in 
the  same  vertical  plane.  The  task  is  to  place  and  support  these  bars 
in  position  for  the  concreting.  Usually  temporary  blocking  is  em- 
ployed. This  blocking  is  constructed  in  different  ways.  For  the  bottom 
rods  simple  cleats  of  the  proper  thickness  are  laid  on  the  lagging  and 
the  bar  laid  on  them.  For  the  upper  bar  boards  set  on  edge,  short 
strips  set  endwise,  or  small  A-frame  horses  are  employed.  Another 
form  of  support  consists  of  boards  set  on  edge  transversely  across  the 
lagging  and  notched  to  receive  the  bars.  When  the  concreting  is  done 
in  transverse  segments  this  is  an  especially  convenient  arrangement, 
since  the  transverse  boards  will  serve  the  secondary  purpose  of  form- 
ing the  ends  of  the  segments.  Considerable  rigidity  is  required  of  the 
blocking,  since  the  bars  have  to  be  held  bent  and  from  shifting  later- 
ally, and  a  long  bar  of  steel  will  develop  surprising  contortions  often- 
times while  being  fastened  into  position.  For  spans  of  much  length 
the  bars  have  to  be  spliced.  This  is  usually  done  by  simply  lapping 
the  ends  and  wiring  the  laps  together.  In  place  of  temporary  blocking 
sheet-metal  spacers  can  be  employed  and  left  permanently  in  the  work. 

Placing  the  Concrete. — The  important  thing  in  placing  the  arch- 
ring  concrete  is  to  secure  its  perfect  contact  with  every  part  of  the 
metal  reinforcement.  This  object  must  also  be  accomplished  without 
displacing  or  distorting  the  reinforcing  members  from  their  designed 
positions  and  forms.  Finally,  the  concrete  must  be  so  deposited  as  to 
insure  its  intended  monolithic  homogeneity  and  unity. 

Theoretically  the  proper  procedure  is  to  make  the  construction  of 
the  arch  ring  a  continuous  process.  Except  in  the  case  of  foot-bridges 
of  narrow  width,  however,  it  is  seldom  attempted  to  construct  the 
arch  ring  in  one  piece.  The  usual  practice  is  to  divide  it  into  two  or 
more  sections  which  may  be  either  longitudinal  rings  or  transverse 
segments.  In  either  case  each  section  is  built  up  in  thin  concentric 
layers.  Practice  seems  to  have  settled  upon  no  well-defined  rule  in 
choosing  between  longitudinal  rings  and  transverse  segments,  but  it 
is  unanimous  in  requiring  each  ring  or  segment  to  be  of  such  dimen- 
sions that  it  can  be  finished  in  one  continuous  operation.  In  his 
specifications  for  concrete-steel  bridges  Mr.  Edwin  Thacher  specifics 
the  following  requirements: 
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For  square  arches»the  concrete  shall  be  laid  in  transverse  sections 
of  the  full  width  of  the  arch  between  timber  forms  normal  to  the 
center  line  of  the  arch,  the  length  of  sections  being  such  that  the  cen- 
ter section  or  a  pair  of  intermediate  or  end  sections  shall  constitute  a 
day's  work.  Work  shall  be  started  at  the  center  section  and  carried 
toward  the  end  sections,  which  shall  be  laid  last.  For  skew  arches  the 
concrete  shall  be  started  simultaneously  from  both  ends  of  the  arch 
and  be  built  in  longitudinal  sections  at  least  ^yi  ft.  wide  and  wide 
enough  to  constitute  a  day's  work.  The  concrete  shall  be  deposited  in 
thin  layers,  each  layer  being  well  rammed  in  place  before  the  previ- 
ously deposited  layer  has  had  time  to  partially  set.  The  work  shall 
proceed  continuously  day  and  night  if  necessary  to  complete  each 
longitudinal  section.  These  sections  while  being  built  shall  be  held  in 
place  by  substantial  vertical  timber  forms,  parallel  to  the  face  of  the 
arch  and  to  each  other,  and  these  forms  shall  be  removed  when  the 
section  has  set  sufficiently  to  admit  it.  The  sections  shall  be  connected 
by  cleaning  and  roughening  the  surfaces  and  mopping  them  with  a 
I  cement,  i  sand  mortar,  and  also  by  steel  clamps  spaced  about  5  ft. 
apart  connecting  the  adjacent  reinforcing-ribs. 

Too  great  emphasis  cannot  be  given  to  the  necessity  of  securing  the 
most  perfect  bond  possible  between  adjoining  sections.  The  Melan 
concrete-steel  arches  partly  wrecked  by  flood  at  Paterson,  X.  J.. 
in  the  fall  of  1903  failed  by  shearing  their  full  length  along  the  plane 
of  junction  between  adjoining  sections  of  the  concreting.  In  view  of 
this  experience  some  method  of  interlocking  the  sections  by  clamps, 
dovetailing,  or  rabbeted  joints  would  seem  to  be  always  advisable.  In 
case  longitudinal  sections  are  employed,  the  dividing  plane  between 
them  should  be  always  located  between  consecutive  reinforcing-ribs 
or  bars.  This  is  particularly  essential  when  rib-like  forms  of  rein- 
forcement like  the  Melan  and  Wiinsch  are  employed. 

Substantially  the  following  mode  of  procedure  is  followed  in  Europe 
in  concreting  arches  with  Monier  reinforcement.  The  intradosal  net- 
ting having  been  woven  and  blocked  up  from  the  center  as  previously 
described,  the  concreting  is  begun  by  filling  around  and  beneath  the 
wires  and  careftilly  tamping  the  filling.  When  the  metal  has  been 
thoroughly  buried,  the  remaining  concrete  is  placed  in  concentric 
layers  from  4  to  6  ins.  thick,  and  each  layer  is  thoroughly  rammed. 
This  filling  is  continued  until  the  plane  of  the  upper  or  extradosal 
reinforcement  is  reached.  This  upper  network  is  then  placed  and 
the  covering  layer  is  deposited  and  tamped  so  as  completely  to  embed 
the  metal.  The  top  surface  of  the  ring  is  finally  troweled  to  a  smooth 
surface,  and  generally  plastered  with  a  rich  mortar.  In  arches  of 
considerable  span  the  depositing  of  each  layer  is  usually  begun  simul- 
taneously at  four  points,  the  two  springing  lines  and  midway  of  each 
haunch,  and  from  each  point  the  progress  is  toward  the  crown.    Each 
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layer  is  fully  completed  before  the  next  layer  is  begun.  It  is  deemed 
desirable  also  that  the  entire  concreting  of  the  arch-ring  should  pro- 
ceed continuously. 

In  Melan  arches  the  placing  of  the  concrete  is  begun  at  the  ends 
of  the  span,  and  it  is  a  frequent  practice  to  embed  the  ends  of  the 
ribs  to  their  full  depth  for  the  distance  they  project  over  the  piers  or 
abutments  before  carrying  the  concrete  up  the  haunches.  The  pur- 
pose of  this  preliminary  filling  is  to  fix  rigidly  the  ends  of  the  ribs  and 
thus  to  increase  their  stability  against  lateral  displacement.  The  arch- 
ring  concreting  is  done  in  concentric  layers,  each  layer  being  con- 
structed from  the  ends  toward  the  crown  and  from  both  ends  simul- 
taneously. When  the. concreting  is  done  in  longitudinal  sections  of  the 
ring  each  layer  is  carried  entirely  over  the  span,  but  when  the  ring  is 
built  in  transverse  sections  each  layer  is  carried  only  from  the  lower 
to  the  higher  ends  of  the  sections  in  which  work  is  progressing.  In 
either  case  the  first  layer  is  usually  made  deep  enough  to  cover  the 
tops  of  the  bottom-chord  flanges  of  the  rein  forcing- ribs,  and  is  laid 
and  tamped  with  particular  care  to  insure  a  complete  and  compact 
filling  underneath  and  around  the  chord.  Special  small  tamping-bars 
are  advisable  for  this  work,  and  the  ordinary  iron  railway  tamping-bar 
has  been  found  a  suitable  tool  for  this  particular  purpose.  Succeeding 
layers  are  deposited  and  tamped  until  the  full  depth  of  the  arch  ring 
is  attained.  In  placing  all  of  these  layers  the  most  particular  care 
is  essential  in  compacting  the  concrete  around  the  ribs  so  as  to  fill 
tightly  against  the  web  and  up  into  the  angles  between  the  web  and 
the  top-chord  flanges.  There  is  great  liability  of  voids  being  left 
at  these  angles  unless  the  filling  is  carefully  done.  In  case  the  ribs 
have  latticed  webs  special  effort  is  necessary  to  fill  closely  around  the 
web  members  and  to  insure  the  transverse  continuity  of  the  concrete 
through  the  web  openings.  In  tamping  each  layer  of  concrete  it  is 
considered  an  advantage  to  tamp  the  advancing  edge  by  tangential 
blows  in  addition  to  the  usual  compacting  from  abdve  and  normal  to 
the  arch  ring. 

The  concreting  of  Wiinsch  and  Thacher  arches  follows  substan- 
tially the  mode  of  procedure  pursued  in  Melan  construction,  while 
with  expanded-metal  and  other  network  reinforcements  the  operations 
performed  are  much  the  same  as  with  Monier  reinforcement.  The 
task  of  concreting  in  a  bar  and  stirrup  reinforcement  is  always  com- 
plicated and  tedious,  owing  to  the  number  and  small  size  of  many  of 
the  reinforcing  members.  In  Hennebique  construdtion  much  of  the 
concreting  is  a  matter  of  depositing  small  amounts  of  concrete  and 
of  compacting  it  with  small  tools  around  a  few  members  at  a  time. 
The  work  involves  considerable  care  but  no  material  difficulty. 
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Examples  from  Practice. — The  following  examples  of  arch-rin^ 
construction  will  serve  to  illustrate  current  practice  in  this  class  of 
work.  The  arches  of  the  Zanesville,  0.,  concrete-steel  bridge  described 
on  p;  256  were  built  in  lo-ft.  segments  extending  the  full  width  of  the 
arch,  43  ft.  A  transverse  form  set  radially  was  used  to  shape  the  end 
of  each  segment,  and  to  this  form  a  3X8-in.  plank  was  spiked  to  form 
a  groove  in  the  end  of  the  segment  into  which  the  fresh  concrete  of 
the  succeeding  segment  would  enter  and  form  a  sort  of  dovetail  joint 
The  lagging  of  the  center  was  covered  with  about  i  in.  of  mortar  on 
which  the  concrete  was  deposited.  In  building  the  concrete-steel  arch 
at  Ooconomowoc,  Wis.,  illustrated  on  p.  262,  the  arch  ring  was  built 
in  three  transverse  segments  with  radial  joints  so  that  the  crown 
segment  acted  as  a  key.     This  key  segment  was  built  first,  the  ends  | 

being  formed  against  plank  forms  set  at  an  angle  of  about  30^  with  the  j 

vertical.     Through  these  end  planks  holes  were  bored  at  intervals,  I 

and  J^-in.  round  rods  2  ft.  long  were  inserted  in  them  so  as  to  project 
I  ft.  on  each  side.  These  rods  served  as  dowels  to  connect  the  center 
and  side  segments  at  the  joints.    Each  of  the  three  segments  was  built  1 

in  one  day.     The  hinged  Melan  arch  at  Lai  bach,  Austria,  illustrated  | 

on  p.  254,  was  concreted  in  the  following  manner:  The  concrete 
hinge-blocks  were  molded  several  months  before  the  erection  was 
begun,  and  they  were  first  set  in  place  with  the  lead  cushion-strips  in 
the  joints.  After  the  hinge-blocks  were  placed  the  concreting  of  the 
main  arch  proceeded  from  four  points,  being  begun  simultaneously  on 
each  side  of  the  center  and  at  each  skewback.  The  steel  reinforcing- 
arches  were  coated  all  over  with  a  cement  wash,  and  during  concreting 
great  care  was  taken  to  pack  the  concrete  closely  around  the  steelwork. 
Concreting  was  carried  on  uniformly  along  the  full  width  of  the  arch, 
and  at  the  end  of  each  day's  work  a  radial  partition  was  placed  against 
the  fresh  concrete,  ^efore  beginning  work  the  next  morning  the 
radial  face  thus  formed  was  roughed  up  with  picks  and  coated  with  a 
mortar  of  i  part  cement  to  3  parts  sand,  before  fresh  concrete  was 
placed  against  it;  this  is  thought  to  have  secured  a  thorough  joint 
between  the  sections  placed  on  successive  days. 

Striking  the  Centers.— Practice  varies  in  the  time  set  for  striking  the 
centers  of  concrete-steel  arches;  and  this  operation  is  performed  all 
the  way  from  two  weeks  to  two  months  after  the  concreting  is  finished. 
In  American  practice  the  centers  are  scarcely  ever  removed  in  less 
than  30  days,  and  they  are  frequently  allowed  to  stand  for  double 
this  time.  To  insure  the  center  being  of  any  practical  use  as  a  sup- 
port at  the  end  of  these  long  periods,  however,  it  must  be  kept  well 
drenched  with  water,  or  else  upon  the  drying  of  the  ring  concrete  the 
lagging  will  shrink  free  from  the  arch  soffit  and  the  center  will  strike 
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itself.  This  occurrence  has  taken  place  in  a  number  of  instances,  and 
the  fact  that  no  serious  consequences  have  resulted  is  urged  by  some 
engineers  as  warranting  the  striking  of  the  center  in  much  shorter 
periods  of  time.  Except  when  several  arches  of  the  same  span  are  to 
be  built  and  the  cost  can  be  reduced  by  using  the  same  centers  for 
all  of  the  arches,  there  is  ordinarily  not  much  to  be  gained  by  haste 
to  remove  them.  On  the  contrary,  the  longer  the  concrete  can  be 
conveniently  left  to  harden  the  stronger  it  is  to  resist  deflection  and 
distortion.  The  mode  of  procedure  followed  in  striking  the  center  of 
a  concrete-steel  arch  is  practically  the  same  as  in  the  case  of  stone 
arches.  The  lowering  of  the  structure  is  performed  gradually  so  as 
to  allow  the  ring  and  its  reinforcement  to  adjust  themselves  slowly  to 
the  strains  which  they  have  to  withstand. 

Spandrel-wall  Construction. — Most  concrete-steel  bridges  are  built 
with  solid  spandrel  walls,  which,  as  stated  in  a  preceding  section,  are 
either  retaining-walls  filled  between  with  meagre  concrete,  earth,  or 
cinders,  or  else  are  curtain-walls  enclosing  a  cellular  construction  of 
arches  or  vaults  on  whose  tops  the  roadway  is  laid.  Walls  of  the 
retaining-wall  type  are  the  more  common,  and  exjcept  that  their  faces 
are  commonly  paneled  or  otherwise  ornamented  and  that  they  are 
surmounted  by  a  molded  cornice,  their  construction  is  straightfor- 
ward retaining-wall  construction.  When  curtain-walls  are  employed 
they  are  made  of  uniform  thickness  and  are  reinforced. 

Forms. — ^The  first  task  in  constructing  spandrel  walls  is  the  con- 
struction and  erection  of  the  forms.  The  difficulties  which  arise  in 
this  task  are  due  chiefly  to  the  necessity  of  providing  panels,  molding, 
and  other  architectural  embellishment  in  the  front  face  and  to  the 
unsatisfactory  conditions  for  bracing  the  face-lagging  sturdily  in 
place.  Considering  first  the  supporting  framework  for  the  lagging,  the 
drawings  of  Figs.  57,  58,  and  59  show  typical  arrangements.  In  Fig.  57 
the  form  of  centering  is  that  used  on  the  Mcchanicsville,  N.  Y.,  bridge 
described  on  p.  417.  The  longitudinal  lagging  is  carried  on  transverse 
timbers  spaced  3  ft.  apart  and  supported  by  posts  resting  on  pile-bents. 
The  advantage  of  the  form  of  center  from  the  standpoint  of  spandrel- 
wall  construction  is  that  the  prolongation  of  the  transverse  caps  gives 
an  excellent  support  for  outside  diagonal  props  for  the  face  form. 
The  tops  of  the  facing-studs  may  be  connected  across  the  bridge  by  a 
horizontal  tie,  or  they  may  be  tied  by  diagonals  to  the  sill  timber  of 
the  rear- wall  forms,  as  indicated  by  Fig.  58.  Fig.  58  shows  an  ar- 
rangement for  spandrel-wall  forms  with  the  ordinary  arch-rib  centei;- 
ing  and  without  outside  bracing;  the  drawing  explains  itself.  T!^ 
arrangement  shown  by  Fig.  59  is  one  of  the  most  satisfactory  ones 
that  can  be  employed,  but  it  calls  for  a  considerable  extension  of  the 
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Fig.  58. 


Fig.  59. 
Figs.  57-59. — Designs  for  Spandrel-wall  Forms. 
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falsework  which  cannot  always  be  provided.  The  bracing  of  the  rear- 
wall  forms  is  simply  accomplished  by  a  cross-sill  between  the  bottoms 
of  opposite  studs  and  by  diagonals  from  this  sill  to  the  top  and  middle 
of  the  studs.  The  drawings  shown  give  typical  arrangements  only,  and 
can  be  modified  in  general  and  in  detail  according  to  the  conditions. 
The  chief  desideratum  is  to  secure  an  unyielding  support  for  the  lag- 
ging, and  particularly  for  the  lagging  for  the  front  face.  To  do  this  the 
studs  should  not  be  spaced  more  than  5  ft.  apart  and  should  be  strongly 
braced  and  tied  in  position,  and  the  lagging  should  be  heavy  enough  not 
to  bend  between  studs ;  lagging  2  to  3  ins.  thick  is  none  too  heavy. 

The  lagging  for  the  rear  wall  can  be  made  of  rough  boards,  but 
that  for  the  face  must  be  smoothly  dressed  and  tightly  jointed.  The 
latter  has  also  to  carry  the  attached  panels  and  molding  or  other  orna- 
mental forms.  The  task  here  is  simply  to  construct  on  the  lagging  a 
negative  of  the  ornamentation  called  for  by  the  plans,  and  it  may  be 
simple  or  complex  according  to  the  amount  and  character  of  ornamen- 
tation desired.  For  most  kinds  of  ornament  the  forms  may  be  con- 
structed of  wood,  but  where  rosettes,  medallions,  or  similar  complex 
forms  are  called  for  it  is  often  preferable  to  make  negatives  in  plaster 
of  Paris  from  clay  models  and  set  these  negatives  in  the  lagging  at  the 
proper  places.  Another  method  is  to  cast  these  ornaments  on  the 
faces  of  concrete  blocks  which  are  molded  separately  and  set  into  the 
concrete  wall  as  the  work  progresses. 

Placing  the  Concrete. — The  first  particular  task  in  placing  the 
concrete  for  the  spandrel  walls  is  to  prepare  the  top  surface  of  the 
arch  ring  so  as  to  insure  the  perfect  bonding  of  the  wall  to  it.  The 
surface  being  prepared,  the  next  step  is  to  place  the  concrete  in 
horizontal  layers  from  6  to  8  ins.  thick,  using  the  means  described  in 
Chapter  XVII  for  securing  a  smooth  surface  finish.  Where  stone 
facing  is  employed  the  face  form  is  dispensed  with,  the  stone  being 
laid  up  as  in  any  wall  construction  and  backed  with  concrete  built 
against  a  rear  form  of  rough  lagging-boards.  As  the  concreting 
proceeds  the  cast  ornaments,  if  they  are  used,  are  set  in  place  and 
bonded  into  the  wall. 


CHAPTER  XVI.— METHODS  OF  CONSTRUCTION  IN 
CONDUIT  WORK. 

The  construction  of  conduits  of  reinforced  concrete  is  a  task  which 
requires  particular  care.  This  is  especially  true  when  the  conduits 
carry  water  under  pressure  or  are  subjected  when  empty  to  an  ex- 
ternal pressure  of  considerable  amount     A  conduit  carrying  water 
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under  pressure  must  be  not  only  strong  enough  to  resist  the  bursting 
force,  but  it  must  be  as  nearly  as  possible  impervious  to  water.  The 
perfectness  with  which  these  two  requirements  are  satisfied  depends 
very  largely  upon  the  care  with  which  the  work  of  construction  is 
performed. 


Fig.  6o. — Invert  Template  for  Culvert  at  Kalamzoo,  Mich. 

Forms  and  Centers. — The  principal  requisites  of  forms  and  centers 
for  conduits  are :  ( i )  They  must  be  strong  enough  not  to  crush  or 
become  deformed  under  the  load  which  they  have  to  carry;  (2)  tficy 
must  be  so  rigid  that  they  will  not  easily  warp  and  twist  under  the 
alternate  soaking  and  drying  to  which  they  are  subjected;  (3)  they 
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Fig.  61. — Side-wall  Forms  for  Culvert,  Kalamazoo,  Mich. 

must  be  so  constructed  as  to  give  an  even  and  smooth  interior  sur- 
face to  the  finished  conduit;  (4)  they  should  be  so  constructed  that 
they  can  be  readily  assembled  and  taken  down  and  thus  used  over 
and  over  for  succeeding  lengths  of  conduit.  The  manner  in  which 
these  requisites  have  been  attained  in  practice  is  best  demonstrated 
by  actual  examples. 
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Fig.  62. — Cross-brace  for  Side-wall  Forms  for  Culvert  at  Kalamazoo,  Mich. 

The  drawings  of  Fig.  60  show  the  forms  and  templates  employed 
in  constructing  the  arch  culvert  described  on  p.  282.  The  lower  por- 
tion of  the  invert  was  brought  to  a  true  form  by  means  of  the  invert 
template  shown  by  Fig.  60.  To  form  the  curved-side  portions  of  the 
invert  two  side  forms  constructed  as  shown  by  Fig.  61  were  braced 
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in  position  by  the  hinged  cross-struts  shown  in  detail  by  Fig.  62.  At 
this  height  the  concrete  was  brought  to  a  slightly  inclined  surface  so  as 
to  properly  receive  the  thrust  of  the  arch,  and  was  roughened  so  as  to 
make  a  close  bond  with  it.  The  arch  center  is  shown  by  Fig.  63. 
This  center  rested  on  the  invert  forms  at  the  sides  and  was  supported 
at  the  center  by  a  vertical  post.  In  placing  the  concrete  forming  the 
haunches  planks  were  placed  back  of  the  centers  to  confine  the  con- 
crete to  the  proper  thickness,  but  for  the  upper  portion  of  the  arch 
where  the  concrete  would  stand  alone  these  planks  were  omitted.    To 
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Fia  63. — Arch  Center  for  Culvert  at  Kalamazoo,  Mich. 


guide  the  concreting  of  the  arch-ring,  the  template  shown  by  Fig.  64 
was  used.  The  centers  and  the  forms  were  all  built  in  sections  12.5  ft. 
long,  and  a  sufficient  number  were  provided  to  lay  twelve  sections  of 
invert  and  six  sections  of  arch.     The  templates  and  centers  are  all 


Fig.  64. — Template  for  Arch-ring  of  Culvert  at  Kalamazoo,  Mich. 

arranged  so  they  can  readily  be  taken  down  without  any  jarring  of 
the  concrete.  The  upper  forms  are  hinged  at  the  quarters  and  can 
be  separated  in  two  pieces  and  folded  together  so  that  those  farthest 
back  in  the  conduit,  where  the  concrete  has  had  time  to  set,  can  be 
brought  forward  through  those  that  are  still  standing  under  the  fresh 
concrete.  All  of  the  centering  is  loosened  by  unbolting  a  piece  which 
spans  a  hinged  joint  in  the  center  of  the  cross-brace,  as  is  shown  by 
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Fig.  62.  As  the  result  of  his  experience  in  this  work,  the  engineer. 
Mr.  George  S.  Pierson,  M.  Am.  Soc.  C.  E.,  makes  the  following 
statement : 

In  work  of  this  kind  it  is  very  important  to  have  the  centering 
absolutely  rigid  so  that  it  will  not  spring  when  concrete  is  being 
tamped  against  it  and  thus  weaken  the  cohesion  of  the  concrete.  It  is 
also  important  to  have  the  arrangement  such  that  all  the  centering  can 
be  removed  without  straining  or  jarring  the  fresh  concrete. 

The  centers  were  generally  removed  in  about  three  or  four  days 
after  the  concrete  was  in  place. 

Fig.  65  is  the  cross-section  of  the  centers  used  in  constructing 
the  6o-in.  conduits  of  the  Forest  Hill  Reservoir  at  Newark,  N.  J. 
These  centers  were  built  in  sections  16  ft.  long  and  were  supported 
on  brick  piers,  as  shown  by  the  drawing.  The  footing  course  of  con- 
crete was  laid  first,  and  on  top  of  this  were  built  the  brick  piers,  a  pair 


Fig.  65. — Center  for  6o-in.  Conduit,  Forest  Hill  Reservoir,  Newark,  N.  J. 

under  each  of  the  four  ribs.  The  forms  were  then  set  up  and  lagged 
completely  except  for  a  manhole  at  the  middle  and  crown  of  each. 
Through  these  holes  the  concrete  for  the  inverts  was  passed  to  men 
working  inside  the  form.  The  principal  feature  to  be  noted  in  the 
construction  of  these  forms  is  the  means  by  which  they  are  collapsed. 
The  bolts  at  one  end  of  the  bottom  cross-bar  are  unbolted  and  the  feet 
of  the  arch-rib  are  drawn  together,  thus  allowing  the  center  to  be 
slipped  free  from  the  concrete.  In  order  that  the  feet  of  the  ribs  may 
be  easily  drawn  together  the  joints  are  made  somewhat  flexible.  These 
centers  were  struck  in  about  thirty- six  hours  after  the  concrete  was 
laid. 

A  novel  centering  suitable  for  conduits  of  moderate  size  is  shoi^-n 
by  Figs.  66  and  67.    This  centering  was  used  in  constructing  a  2>^-ft. 
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sewer  at  -Medford,  Mass.  In  this  case  the  sewer  had  a  crown  of  brick, 
but  the  centering  should  serve  equally  well  for  an  all-concrete  con- 
struction. The  construction  of  the  forms  used  for  the  invert  is  shown 
by  Fig.  66.    They  were  lo  ft.  long  and  made  in  halves  separating  on 
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a  vertical  line  through  their  center,  and  were  securely  held  together 
by  means  of  malleable-iron  clamps  gripping  the  stringers  along  the 
inner  edge  of  each.  Proper  width  and  stiffness  were  obtained  by 
inserting  an  iron  dog  in  the  end  ribs  of  each  lo-ft  section.  In  using 
these  forms  they  were  first  smeared  to  prevent  the  cement  from  stick- 
ing to  the  lagging;  they  were  then  set  up  in  the  trench  in  line  and 
the  concrete  deposited  around  them.  These  forms  were  removed 
from  the  concrete  one  after  another  by  knocking  out  the  iron  dogs 
in  each  end  and  putting  in  place  thereof  turnbuckle  hooks.  After 
releasing  the  iron  clamps  the  turnbuckles  were  turned  so  that  the 
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upper  portions  of  the  forms  approached  each  other  slightly,  thereby- 
separating  them  from  the  concrete  in  the  most  careful  way.  The 
arch  centers.  Fig.  67,  were  made  in  lo-ft.  lengths,  of  Ji-in.  lagging, 
2-in.  plank  ribs  and  stout  stringers  on  each  side.     All  lagging  was 
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lyi  ins.  wide  and  was  milled  so  as  to  have  one  beveled  edge,  in  order 
that  the  exterior  surface  might  be  planed  very  smooth.  The  ribs 
were  spaced  2  ft.  apart  between  centers.  On  the  forward  end  of 
each  center  there  was  securely  fastened  to  each  side  a  stout  wooden 
wedge,  which  supported  the  rear  end  of  the  next  center.  It  was  then 
necessary  to  provide  only  one  movable  support  for  each  10  ft.  of  arch 
centering.  In  putting  these  arch  centers  in  place  a  man  stood  upon 
the  skewbacks,  raising  the  center  with  an  iron  hook  which  passed 
through  a  small  hole  in  its  top,  while  a  man  at  the  forward  end  pushed 
it  into  place  upon  the  wedges  of  the  preceding  center.    The  forward 
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end  of  each  center  was  supported  by  a  patent  screw-brace  or  jack 
placed  under  a  rib  2  ft.  from  the  front  end.  After  the  arch  had  been 
turned,  the  arch  centers  were  removed  by  the  aid  of  a  special  truck, 
which  had  two  bent  axles  and  four  cast-iron  wheels  so  adjusted  that 
they  ran  smoothly  along  the  invert.  At  each  end  of  this  truck  was  a 
long  rope.  In  the  removal  of  the  arch  centering,  an  adjustable  roller 
was  first  fastened  by  means  of  a  thumb-screw  to  the  outer  rib,  then 
the  truck  was  pulled  a  foot  or  more  under  the  center,  the  screw-jack 
was  released,  allowing  the  forward  end  of  the  center  to  drop  about  an 


Pig.  68.— Metal-wrapped  Center  for  Sewer  at  Washington,  D.  C. 

inch  upon  the  running-board  of  the  truck,  which  was  pulled  into  the 
conduit  until  the  adjustable  roller  ran  off  the  rear  end  of  the  truck, 
automatically  locking  itself  there,  whereupon  the  tail-rope  was  pulled 
by  a  man  outside  the  finished  sewer,  drawing  the  arch  center  off  its 
supporting  wedges  and  allowing  it  to  drop  upon  the  truck  to  be 
ivheeled  to  the  outer  end  of  the  work.  In  this  manner  the  arch  centers 
were  set  up  in  place  and  removed  with  great  rapidity  and  without 
injury  to  the  concrete. 

The  centering  shown  by  Fig.  68  was  employed  in   constructing 
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a  5- ft.  egg-shaped  sewer  at  Washinj^on,  D.  C.  A  similar  centering 
has  been  successfully  used  for  constructing  sewers  down  to  8  ins,  in 
size.  As  shown  the  centering  consists  of  two  parts,  an  invert  form 
and  an  arch  center,  each  16  ft.  long  and  made  up  of  lagging  nailed 
to  plank  ribs  spaced  2  ft  apart.  To  prepare  the  centering  for  use 
the  arch  center  is  set  on  top  of  the  invert  form  with  the  wedge  timbers 
A  and  B  between,  and  the  two  are  locked  together  by  latches  on  the 
outside  of  the  end  ribs.  A  square  gudgeon-timber  is  then  passed 
lengthwise  of  the  centering  through  the  hole  C  in  the  ribs.  This 
timber  projects  at  each  end  and  is  rounded  so  that  the  centering  can 
be  mounted  on  bearings  carried  on  two  trestles.  A  crank-arm  applied 
to  one  end  of  the  gudgeon- timber  enables  the  centering  to  be  rotated 
so  that  a  strip  of  steel  6  ins.  wide  and  124  in.  thick  can  be  wound 
spirally  around  it.  This  wrapping-strip  is  shown  in  position  by  Fig. 
68.  The  centering  with  the  steel  strip  in  place  is  set  in  the  trench 
and  the  concrete  is  filled  around  it  to  the  proper  thickness.  As  soon 
as  the  filling  is  completed  the  wedge-timbers  are  driven  in  until  the 
ribs  drop  into  notches.  This  allows  the  upper  and  lower  parts  of  the 
centering  to  close  together  when  they  are  withdrawn,  leaving  the 
spiral  strip  of  steel  in  place  to  carry  the  weight  of  the  setting  concrete 
while  the  centering  is  being  rewound  for  shaping  another  section  of 
conduit.  After  the  concrete  has  set,  the  steel  strip  is  removed  by 
pulling  on  the  loose  end.  To  prevent  the  steel  from  adhering  to  the 
concrete  it  is  smeared  with  oil. 

Concreting. — The  concreting  of  conduits  is  usually  done  in  sections 
and  is  made  a  continuous  operation  for  each  section.     This  brings  i 

across  the  conduit  all  planes  of  weakness  due  to  joining  old  and 
new  concrete.     The  length  of  section  chosen  is  usually  that  which  | 

can  be  completed  in  a  day's  work  without  any  portion  of  the  con-  I 

Crete  becoming  set  before  fresh  concrete  is  joined  to  it,  and  this  length 
varies  with  the  size  of  the  conduit  and  the  conditions  of  the  work. 
In  the  Cedar  Grove  Reservoir  work  about  32  ft.  of  the  twin  conduit 
was  built  in  a  day;  the  length  of  smaller  conduits  built  in  a  day  is  \ 

often  much  greater.    Upon  the  completion  of  a  day's  work  the  end  to  ' 

which  the  succeeding  day's  work  is  to  be  joined  should  be  so  finished  | 

as  to  insure  the  bonding  of  the  new  work  with  the  old.     Various  ! 

ways  of  doing  this  have  been  practiced,  but  the  most  frequent  practice 
is  either  simply  to  roughen  the  surface  or  to  finish  it  with  a  groove 
or  mortise. 

In  placing  the  concrete  every  effort  should  be  made  to  secure  a 
dense  and  compact  product,  particularly  where  the  conduit  has  to 
carry  water  under  pressure.  This  necessitates  the  use  of  a  very  wet 
mixture  well  joggled  and  churned  into  place,  or  if  a  dry  mixture  is 
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employed,  the  tamping  should  be  very  thoroughly  performed.     Pre- 
vailing practice  strongly  favors  a  wet  concrete  for  conduit  work. 

Examples  from  Practice, — Among  the  examples  of  reinforced  con- 
crete conduits  given  in  Chapter  IX  two  are  of  particular  interest  be- 
cause of  the  magnitude  of  the  work  and  the  care  with  which  it  was 
performed.  This  is  the  conduit  tor  the  Jersey  City  water-supply  and 
the  conduits  and  sewers  for  the  Torresdale  Filters  at  Philadelphia,  Pa. 
A  brief  description  of  the  methods  of  constructing  these  conduits 
follows : 

Jersey  City  Aqueduct, — Typical  sections  of  the  reinforced  concrete 
aqueduct  for  the  Jersey  City  water-works  are  given  on  p.  297.  The 
centers  for  this  aqueduct  were  made  in  sections  12.5  ft.  long,  con- 
sisting of  eleven  segments,  each  weighing  about  200  lbs.  The  speci- 
fications required  that  the  conduit  should  be  built  in  monolithic  sec- 
tions not  exceeding  20  ft.  in  length,  but  sections  50  ft.  long  were  used 
wherever  the  top  of  the  conduit  was  not  over  18  ins.  above  the  undis- 
turbed ground.  It  was  further  specified  that,  if  necessary  to  secure 
smooth  surfaces,  the  concrete  should  first  be  deposited  in  the  invert 
and  the  lower  part  of  the  side  walls  at  least  i  in.  back  from  the  finished 
surface,  and  that  immediately  afterwards  the  forms  for  the  invert 
should  be  placed  and  the  space  between  them  and  the  concrete  poured 
full  of  a  very  wet  mixture  of  equal  volumes  of  cement,  sand,  and  fine 
crushed  stone.  The  urgency  of  the  work  did  not  permit  of  this  pro- 
cedure ;  the  invert  was  formed  by  screeding,  being  finished  by  trowel- 
ing while  the  mortar  was  plastic  and  the  two  bottom  segments  of  the 
centering  were  not  used.  No  outside  forms  were  employed  for  a  width 
of  about  5  ft.  on  top  of  the  arch.  The  centers  were  left  in  place  about 
forty-eight  hours,  and  occasionally  they  were  greased  with  vaseline 
cut  w^ith  kerosene. 

The  mode  of  procedure  in  setting  the  forms  and  building  the  con- 
duit were  in  detail  about  as  follows:  The  forms  without  the  two 
bottom  segments  were  set  on  6-in.  cubes  of  concrete  previously  built. 
When  set,  therefore,  each  form  was  open  at  the  bottom  for  a  width  of 
6  ft.  and  had  in  its  top  a  manhole  01:  scuttle  about  2  ft.  square.  After 
being  set,  the  lagging  was  greased  and  the  reinforcing-rods  were 
placed  in  position.  Concrete  was  first  deposited  on  the  outside  and 
forced  under  the  forms,  with  tamping-bars,  until  it  appeared  at  the 
inside  opening  and  filled  the  annular  space  between  the  form  and  the 
ground.  The  invert  concrete  was  then  passed  through  the  roof-scuttles 
and  men  inside  the  form  deposited  it  and  screeded  the  invert  into 
shape.  The  scuttles  were  then  closed  and  the  concreting  of  the  side 
walls  and  roof  proceeded  with  from  the  bottom  upward,  on  each  side. 
Back  forms  12.5  ft.  long  and  2  ft.  wide  were  employed  to  shape  the 


438 


REINFORCED   CONCRETE. 


exterior  of  the  shell.  These  back  forms  were  carried  upward  as  the 
work  progressed  by  adding  segments  until  they  reached  a  level  about 
2)<2  ft.  each  side  of  the  crown.  Here  they  were  discontinued  and  the 
crown  segment  of  the  shell  was  built  without  forms  to  shape  the 
exterior.  Special  care  was  taken  to  keep  the  forms  clean,  the  sole 
duty  of  one  laborer  being  to  scrape  and  wash  them  for  reuse  as  fast 
as  they  were  free. 

At  the  end  of  each  day's  work  a  groove  was  formed  in  the  face  of  the 
concrete  to  bond  it  with  the  succeeding  day's  work.  Fine  cracks  have 
girdled  the  conduit  at  many  of  these  joints,  but  nowhere  else,  and  it 
is  thought  that  these  will  silt  up  soon  after  the  conduit  has  been  put  in 
service.  Little  or  no  finishing  was  required  on  the  inside  of  the  con- 
duit, and  it  is  as  finished  much  smoother  than  the  average  brick  lining. 
The  speed  of  construction  was  rather  remarkable.  Between  July  25 
and  November  14,  18,500  ft.  of  conduit  were  built.  On  one  section 
2,586  ft.  of  conduit  were  built  in  65  days  by  a  gang  of  38  men,  an 
average  of  39.8  linear  feet  per  day. 
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Fig.  69.— Section  of  6- ft.  Sewer, 
Torresdale  Filters. 


Fig.  70.— Section  of  8j^-ft.  Sewer. 
Torresdale  Filters. 


Torresdale  Filter  Conduits. — In  the  construction  of  the  Torresdale 
filters  for  the  Philadelphia  water-supply  the  large  sewers  for  waste 
water  and  the  conduits  for  filtered  water  were  built  of  concrete:  all 
the  conduits  and  the  8>^-ft.  sewers  were  built  of  concrete  reinforced 
by  expanded  metal.  The  lengths  of  the  several  conduits  were  as 
follows:  300  ft.  of  8>^-ft.  sewer  reinforced  by  two  layers  of  No.  10 
3-in.  expanded  metal;  576  ft.  of  yVi-it.  filtered- water  conduit,  78201 
8-ft.  by-pass  conduit,  1,050  ft.  of  9-ft.  conduit,  and  1,430  ft.  of  lo-ft 
conduit,  all  reinforced  by  expanded  metal. 

The  8  ft.  6  in.  and  6  ft.  sewers  are  built  of  concrete;  the  6-ft. 
sewer  is  without  reinforcement,  and  the  8  ft.  6  in.  sewer  is  reinforced 
with  two  layers  of  No.  10  3-in.  mesh  expanded  metal. 
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The  concrete  was  made  of  Portland  cement,  Bonneville,  Lehigh,  and 
Giant  being  the  brands  used,  and  the  proportions  were  i  part  cement, 
3  parts  sand,  and  5  parts  J^-in.  stone.  About  one-third  of  the  concrete 
for  this  work  was  mixed  in  a  portable  cubical  mixer  of  J4  cu."  yd. 
capacity  and  the  remainder  by  hand.    Owing  to  the  relatively  small 
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Fig.  71. — Center  for  6- ft.  Sewer,  Torresdale  Filters. 

amount  used  per  day,  about  20  cu.  yds.,  it  was  found  that  there  was 
practically  no  difference  in  the  cost  of  mixing  by  machine  or  hand. 

The  specifications  required  that  both  the  sewers  and  conduits  should 
be  built  in  monolithic  sections;  that  is,  the  contractor  could  build  as 
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Fig.  72. — Center  for  8H-ft.  Sewer,  Torresdale  Filters. 


long  a  section  as  he  could  finish  in  one  day, — so  that  this  work  con- 
sists of  monolithic  blocks  or  rings  from  12  to  16  ft.  long  keyed  to- 
gether. Figs.  69  and  70  show  the  section  of  the  6-ft.  and  8-ft.  6-in. 
sewers,  and  Fig.  71  the  center  or  form  for  building  the  6-ft.  sewer. 
The  forms  were  made  8  ft.  long,  and  two  sections  or  16  lineal  feet 
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were  built  in  from  8  to  9  hours,  including  setting  of  forms,  by  one 
foreman,  one  carpenter,  and  15-  laborers.  This  section  contained 
13  cu.  yds.  of  concrete  and  required  80  bags  of  cement.  The  same 
gang  built  14  lineal  feet  of  the  8>^-ft.  sewers  in  10  hours,  using  the 
form  shown  by  Fig.  'j2  and  were  somewhat  delayed  by  lack  of  experi- 
ence in  handling  the  expanded  metal,  which  was  placed  in  two  layers 
about  3  ins.  apart.  It  was  found  that  the  small  mesh  and  the  two 
separate  layers  had  a  tendency  to  screen  the  mortar  from  the  stone, 
and  that  better  results  could  be  obtained  by  using  one  layer  of  ex- 
panded metal  with  a  larger  mesh.  Difficulty  was  also  experienced  in 
properly  placing  and  ramming  the  concrete  in  the  bottom  and  lower 
quarters  of  the  circular  section,  and  it  was  thought  that  better  work 
could  be  obtained  by  using  a  "horseshoe*'  section  or  one  with  a  com- 
paratively flat  bottom,  as  the  metal  could  be  kept  closer  to  shape  and 
the  concrete  more  thoroughly  rammed.  The  cross-section  of  the  lo-ft. 
conduit,  originally  circular,  was  changed,  for  the  above  reasons,  to 
that  shown  in  Fig.  73.    The  size  of  the  expanded  metal  was  changed 
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Fig.  73. — Section  of  10- ft.  Conduit,  Torresdale  Filters. 

from  two  layers  of  No.  10  cut  double  width  3-in.  mesh  to  one  layer  of 
6-in  mesh  cut  Yi  in.  wide  from  No.  4  steel,  giving  6.77  sq.  in.  of  metal 
per  sq.  ft.  of  area.  It  is  believed  that  this  is  the  heaviest  expanded 
metal  cut  to  date,  and  the  Expanded  Metal  Company  after  cutting 
several  carloads  refused  to  furnish  any  more,  claiming  that  it  was 
breaking  their  machines,  but  that  they  were  having  heavier  machines 
built  that  would  do  this  work.  In  the  mean  time  two  layers  of  the 
No.  4  metal  with  6-in.  mesh  were  wired  together  and  placed  as  shown. 
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approximately  3  ins.  from  the  inside  of  the  conduit.  This  size  mesh 
has  done  entirely  away  with  any  tendency  to  screen  the  stone  from 
the  mortar,  and  it  was  found  that  the  cross-section  was  an  improve- 
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Fig.  74. — Form  for  7J^-ft.  Conduit,  Torresdale  Filters. 
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Fig.  75.— Form  for  g-ft.  Conduit,  Torresdale  Filters. 

ment  over  the  circular  one  and  the  7j4-ft.  and  9-ft.  conduits  were 
changed  accordingly.  Figs.  74,  75,  and  76  show  the  construction  of 
the  centers  for  building  the  7>^-ft.,  9-ft.,  and  lo-ft.  conduits  respec- 
tively.   The  general  plan  is  the  same,  and  the  9-ft.  center,  being  the 
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last  built,  is  the  best.  They  were  covered  with  No.  27  galvanized 
sheet  iron,  which  not  only  gave  a  smooth  surface  to  the  concrete 
work,  but  added  greatly  to  the  life  of  the  centers.  Three  sets  of 
centers  or  forms  were  made  for  each  size  conduit,  and  while  it  was 
necessary  to  reiron  them,  they  were  in  repairable  condition  at  the 
completion  of  the  work.  The  bracing  inside  the  forms  was  arranged 
to  allow  a  center  to  be  taken  apart,  after  the  concrete  bad  been  placed 
for  at  least  60  hours,  and  be  brought  forward,  through  a  form  already 
in  place,  for  further  use. 

The  conduits  were  built  in  sections  from  12  to  13}^  ft.  in  length, 
and  there  was  very  little,  if  any.  diflference  in  the  labor  required  to 
build  a  section,  in  from  8  to  10  hours,  of  any  of  the  three  sizes.    One 
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Fig.  76. — Form  for  lo-ft.  Conduit,  Torresdale  Filters. 

foreman  and  eighteen  men  on  top  of  the  trench  mixed  and  handled 
the  concrete  and  granolithic  niorlar,  while  one  foreman,  one  carpen- 
ter, and  seven  men  in  the  trencli  set  the  forms,  placed  and  rammed 
the  concrete,  etc.,  for  one  section  in,  generally,  8  hours.  The  9-ft 
conduit,  as  an  average  of  the  three  sizes,  contained  20  cu.  yds.  of  con- 
crete, 1,200  sq.  ft.  of  expanded  metal,  and  required  125  bags  of  cement 
to  build  a  section  13J4  ft.  long. 

The  concrete  was  mixed  rather  wet  and  placed  in  six-inch  layers. 
The  one  inch  of  granolithic  face  required  on  the  inside  of  the  conduit 
was  mixed  one  part  cement,  one  part  granolithic  grit,  and  one  part 
sand. 
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In  building  a  section  the  bulkhead  (Fig.  yy)  is  set  up  the  length 
of  the  form  in  advance  of  the  face  of  the  conduit  already  built,  and 
the  concrete  is  deposited  in  this  space,  to  within  i  in.  of  the  invert 
bottom;  the  bottom  section  of  the  fonn — made  in  two  pieces  in  order 
to  be  moved  forward  through  a  center  already  in  place — is  then  set, 
the  rear  end  being  bolted  to  the  face  of  the  last  form  used,  and  the 
front  end  resting  in  the  bulkhead.  About  2  tons  of  pig  iron  is  placed 
on  the  invert  form  to  keep  it  from  floating,  and  the  granolithic  mix- 
ture is  then  poured,  through  four  spouts,  at  the  corners,  into  the  one- 
inch  space  between  the  concrete  and  the  form.  There  was  some  doubt, 
at  first,  as  to  the  granolithic  mixture  or  grout  flowing  entirely  under 
the  form,  but  it  did,  and  the  result  is  a  very  smooth  invert. 
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Fig.  yy. — Bulkhead  Form  for  End  of  Section,  Torresdale  Filters. 


In  building  up  the  sides  the  grout  is  poured  between  the  outside 
of  the  conduit  forms  and  a  sheet-metal  board  with  pipe  ribs  on  each 
side,  the  small  rib  of  J^-in-  pipe  forming  the  i-in.  space  for  the  grano- 
lithic finish.  The  expanded  metal  was  kept  against  the  outside  or 
large  rib  of  ij^-in.  pipe.  Two  widths  of  boards  were  used,  and  their 
length  was  slightly  longer  than  half  the  length  of  the  section.  Two 
-were  used  on  each  side,  slightly  lapping  in  the  center,  as  follows :  The 
metal  board  was  placed  with  the  small  rib  against  the  conduit  form, 
and  the  larger  rib  kept  the  expanded  metal  3  ins.  from  the  inside  of 
the  conduit ;  a  six-inch  layer  of  concrete  was  placed  between  the  metal 
board  and  the  outside  form  or  planks;  the  granolithic  mixture  was 
lowered  in  buckets,  and  poured  in  the  inch  space  between  the  conduit 
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form  and  the  iron  board  to  a  depth  of  six  inches.  The  board  was 
then  raised  six  inches  and  the  concrete  rammed,  another  layer  of 
concrete  placed,  and  so  on.  The  granolithic  face  on  the  top  section 
of  the  form  was  made  of  stiff  mortar.  The  face  left  from  the  above 
work  was  smooth,  entirely  free  from  the  appearance  of  stone,  and  did 
not  require  any  plastering. 

The  expanded  metal  was  cut  in  sheets  corresponding  to  the  length 
of  the  sides  of  the  form  and  lapped  6  ins.  in  all  directions ;  the  bulk- 
head having  a  slot  as  shown,  permitting  the  expanded  metal  to  project 
6  ins.  from  the  face  of  the  concrete  in  order  to  tie  two  sections  to- 
gether, and  also  a  rib  to  form  a  depression  into  which  the  concrete  of 
the  next  section  was  rammed. 

A  large  portion  of  these  conduits  have  been  built  over  a  year  and 
are  free  of  all  cracks,  except  that  in  a  few  instances  a  very  fine  crack 
has  developed  at  the  junction  of  two  sections.  The  conduits  will  be 
under  about  i8  feet  head  of  water  when  in  operation,  and  on  this 
account  they  were  built  in  monolithic  sections. 

The  cost  of  the  above  work,  exclusive  of  excavation  or  any  profit, 
but  including  forms,  expanded  metal,  concrete  material,  and  labor, 
was  about  $10.50  per  cu.  yd. 

The  excavation  was  mostly  in  sand  or  gravel  containing  water. 
The  trench  for  the  lo-ft.  conduit  leading  from  the  filtered-water  basin 
to  shaft  No.  I  was  34  ft.  deep,  and  the  bottom  6  or  8  ft.  was  in  river 
silt,  a  dark  mud,  firm  when  first  exposed,  but  mucked  up  badly  when 
much  disturbed.  A  slab  of  concrete  12  ins.  thick  and  the  width  of  the 
trench,  was  built  in  advance  and  as  a  sub- foundation  for  the  conduit 
between  these  points.  • 

The  trenches  were  drained  through  a  lo-in.  square  box,  made  of 
i^-in.  boards,  with  a  number  of  J^-in.  holes  bored  in  the  sides  and 
top,  laid  below  the  sub-grade  of  the  conduit  and  discharging  into 
a  sump  from  which  the  water  was  pumped.  Coarse  gravel  was 
placed  next  to  the  box,  and  these  drains  worked  very  well  on  a 
grade  of  2/10  ft.  per  100  ft.  for  a  length  of  600  ft.  In  one  case  a 
similar  drain  was  laid  level  for  a  distance  of  500  ft.  and  kept  clear 
by  frequently  working  a  wire  cable  and  chain  back  and  forth  inside 
the  box.  • 

Manufacture  of  Concrete-steel  Pipe. — In  the  preceding  sections  a  num- 
ber of  instances  have  been  mentioned  of  the  use  of  separately  cast 
lengths  of  reinforced  concrete  pipe  for  constructing  aqueducts  and 
sewers.  The  casting  of  these  lengths  of  pipe  is  usually  performed  in 
special  plants  the  apparatus  and  processes  of  which  are  controlled 
by  patents,  and  it  is,  therefore,  of  general  interest  only  to  engineers. 
The  leading  forms  of  cast   concrete-steel  pipe  are  the  Monier,  the 
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Bordenave,  and  the  Bonna,  and  the  methods  of  casting  each  of  these 
forms  is  described  in  outline  in  the  following  paragraphs. 

Monier  Pipe. — Several  methods  are  employed  to  cast  Monier  pipe. 
When  the  shell  of  the  pipe  being  cast  is  of  sufficient  thickness  to 
permit  tamping  between  the  reinforcing  network  and  the  walls  of  the 
molds,  it  is  formed  by  inserting  the  network  in  the  annular  space 
between  a  cylindrical  outside  mold  and  a  core  or  mandrel  set  on  end 
and  ramming  the  mortar  in  place  in  horizontal  layers.  For  pipes  with 
very  thin  shells  this  procedure  is  not  practicable.  The  process  adopted 
in  this  case  is  to  employ  a  cylindrical  core  or  mandrel  only,  and  after 
placing  the  netting  around  and  the  proper  distance  away  from  it  to 
plaster  the  mortar  against  the  mold  in  successive  thin  coats  until  the 
required  thickness  of  shell  has  been  attained.  A  third  process  of 
manufacture' which  is  practiced  by  the  firm  of  Wayes  &  Co.  of  Berlin, 
Germany,  is  molding  by  machinery.  The  molding-machine  employed 
consists  essentially  of  a  horizontal  drum  of  the  exact  interior  diameter 
of  the  pipe,  and  of  rolls  for  spreading  the  mortar  onto  the  drum.  In 
operation  mortar  is  spread  onto  the  drum,  which  is  rotated  so  as  to 
pass  under  the  rolls  which  spread  the  mortar  uniformly  over  the 
cylindrical  surface.  The  wire  network  is  then  wrapped  around  the 
drum  on  top  of  the  mortar  coat,  and  succeeding  coats  are  added  like 
the  first  until  the  required  thickness  of  shell  is  attained. 

Bordenave  Pipe. — The  process  of  manufacture  employed  in  making 
Bordenave  pipe  is  more  truly  a  casting  process  than  the  processes 
described  in  the  preceding  paragraph.  The  mortar  is  made  very  thin 
and  is  simply  poured  into  the  annular  space  between  a  hollow  cylinder 
and  a  cylindrical  mandrel  in  which  the  reinforcing  netting  has  been 
previously  erected.  The  process  is  a  simple  one  in  itself,  and  interest 
attaches  principally  to  the  plant  used  for  performing  it  on  a  large 
scale.  The  first  operation  is  the  construction  of  the  lengths  of  rein- 
forcement. The  helical  rod  is  first  formed  by  a  special  binding- 
machine.  This  helix  is  then  threaded  onto  a  mandrel,  where  it  is 
adjusted  to  the  proper  spacing  and  where  the  longitudinal  rods  are 
placed  and  attached.  Marks  on  the  mandrel  aid  in  the  spacing  of  the 
various  members  of  the  reinforcement.  The  placing  of  the  molds  and 
reinforcement  and  the  casting  of  the  pipe  are  performed  by  means  of 
an  elevated  platform  which  turns  on  a  circular  track  on  the  molding- 
floor.  This  platform  is  provided  with  apparatus  for  handling  the 
molds.  Its  operation  is  as  follows :  The  reinforcement  is  first  set  on 
end  on  the  molding-floor  at  the  rear  of  the  platform,  and  the  mandrel 
is  lowered  into  it  and  centered.  This  mandrel  is  adjustable  in  diame- 
ter. The  two  halves  of  a  hollow  cylinder  are  next  placed  around  the 
reinforcement,  centered,  and  locked  rigidly  together  and  in  place.    The 
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liquid  mortar  is  then  poured  into  the  top  of  the  mold  and  the  platfonn 
moved  ahead  to  the  next  casting  position.  The  circular  track  is  of 
such  diameter  that  the  platform  makes  its  circuit  in  from  two  to  three 
days,  so  that  when  the  position  of  the  first  pipe  cast  is  reached  a 
second  time  that  pipe  is  ready  to  be  removed  to  make  place  for  a  new 
casting.  The  cast  pipes  are  lifted  by  means  of  a  traveling-crane  which 
runs  on  a  circular  track  concentric  with  and  inside  the  molding  track. 
Bonna  Pipe. — The  process  adopted  for  casting  Bonna  pipe  is  in  all 
respects  similar  to  that  adopted  in  casting  Bordenave  pipe.  Taking 
for  illustration  the  small  distributing  sewer-pipe  for  the  Pare  Agricolc 
d'Acheres,  the  following  was  the  general  mode  of  procedure:  The 
rings  of  the  inner  reinforcement  were  first  erected  and  adjusted  to 
space  on  a  mandrel  and  then  the  longitudinal  bars  were  attached  to 
them.  The  next  step  was  the  construction  of  the  interior  steel  tube, 
which  was  done  by  special  machines  for  bending  the  sheets  and  form- 
ing the  joints.  The  outside  reinforcement  was  then  erected  exactly 
like  the  inside  as  described  above.  The  two  reinforcing  skeletons  with 
the  steel  tube  between  them  were  then  set  on  end  on  wooden  templates, 
a  steel  hollow  cylinder  mold  was  clamped  outside  of  them  and  a  col- 
lapsible steel  mandrel  was  placed  inside.  The  mold  was  then  ready 
for  pouring  the  liquid  mortar.  For  placing  the  molds  and  pouring  the 
mortar  and  for  handling  the  cast  pipe  a  traveling  platfonn  and 
crane  much  similar  to  those  used  for  casting  Bordenave  pipe  were 
employed. 


CHAPTER  XVII.— FACING  AND  FINISHING  EXPOSED 
CONCRETE  SURFACES. 

The  difficulty  of  securing  an  even-grained  surface  of  uniform  color 
on  concrete  work  is  one  of  the  most  annoying  which  builders  of  such 
work  have  to  overcome.  Concrete  work  is  subject  to  various  sorts 
of  surface  imperfection,  but  the  two  most  common  imperfections  arc 
roughness  or  irregular  surface  texture  and  variability  of  color  or  dis- 
coloration. Either  of  these  imperfections  is  capable  of  disfiguring 
an  otherwise  sightly  structure,  and  the  task  of  avoiding  them  is  one 
which  warrants  serious  attention  from  those  undertaking  work  in  re- 
inforced concrete.  Unfortunately  practice  has  not  settled  upon  a  solu- 
tion of  the  problem,  hence  its  consideration  here  is  rather  a  record  of 
experience  than  a  set  of  instructions  which  can  be  followed  with  the 
certainty  that  successful  results  will  ensue. 

Causes  of  Roughness  and  Discoloration. — There  are  several  conditions 
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which  may  result  in  a  concrete  surface  of  uneven  texture  and  with 
mechanical  roughnesses,  such  as  projections,  bulges,  ridges,  pits, 
bubble-holes,  and  scales.  One  of  these  is  imperfections  in  the  molds. 
The  use  of  rough  lagging  of  uneven  thickness  and  with  open  cracks 
and  allowing  the  forms  to  become  distorted  and  warped  are  certain 
to  leave  their  impress  upon  the  plastic  concrete  in  the  form  of  ridges, 
tongues,  and  bulges.  Failure  to  pack  the  concrete  filling  tightly  and 
evenly  against  the  mold  will  result  in  rough  places.  Lack  of  homoge- 
neity in  the  concrete  is  another  prolific  cause  of  variation  in  the  sur- 
face texture  of  concrete  work.  This  lack  of  homogeneity  may  result 
from  failure  to  mix  the  concrete  materials  thoroughly  and  evenly  in 
the  first  place,  or  the  segregation  of  the  coarse  and  fine  parts  of  the 
mixture  during  its  deposition  and  ramming  into  place.  In  both  cases 
the  result  is  a  material  of  alternate  coarse  and  fine  texture.  Dirt  or 
cement  adhering  to  the  molds  will  leave  pits  in  the  concrete  surface, 
and  the  pulling  away  of  the  concrete  in  spots  when  it  adheres  to  the 
molds  when  they  are  removed  will  cause  similar  roughnesses. 

Variations  in  the  color  of  concrete  surfaces  probably  result  from  a 
variety  of  causes.  Some  of  these  are  obvious  and  others  are  difficult 
to  determine  with  any  exactness.  Roughness  or  uneven  surface  tex- 
ture is  a  common  cause  of  variation  in  color,  since  the  alternate  rough 
and  smooth  parts  weather  differently  and  collect  and  hold  dirt  and 
soot  in  different  degrees.  Another  cause  of  variation  in  color  is  the 
use  of  different  cements  in  adjacent  parts  of  the  surface  work.  No 
two  cements  are  of  exactly  the  same  shade  of  color,  and  the  concrete 
made  of  them  partakes  of  this  variation.  In  a  similar  manner  sand 
of  different  shades  of  color  or  of  different  degrees  of  cleanliness  will 
cause  a  cloudy  and  streaky  appearance  in  concrete.  Dirt  adhering  to 
the  molds  will  frequently  stain  the  adjacent  concrete  surface. 

Even  when  the  smoothness  of  the  surface  is  satisfactory,  however, 
and  when  there  is  no  criticism  possible  as  to  the  kind  and  quality  of 
the  aggregates,  their  deposition  and  the  cleanliness  with  which  the 
work  is  done,  concrete  surfaces  frequently  vary  in  color  and  have  a 
cloudy  light  and  dark  appearance.  In  many  cases  there  seems  to  be 
good  reason  for  attributing  this  to  the  leaching  out  of  lime,  com- 
pounds and  their  deposition  in  the  form  of  an  efflorescence  on  the  con- 
crete surface.  The  extent  of  this  efflorescence  varies;  at  times  the 
deposit  is  so  thin  as  merely  to  g^ve  a  lighter  shade  to  the  places  where 
it  appears,  but  it  will  often  form  an  encrustation  of  considerable  body 
and  thickness  which  may  be  readily  scraped  off  as  a  white  or  yellowish- 
white  powder.  The  nature  of  this  discoloration  and  the  preventive 
and  remedial  treatments  which  have  been  practiced  in  its  cure  are  dis- 
cussed more  fully  in  a  succeeding  paragraph. 
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Construction  of  Forms. — Very  slight  imperfections  in  the  face  of  the 
forms  against  which  the  concrete  is  molded  are  sufficient  to  leave  an 
unsightly  impression 'on  the  plastic  mixture  when  it  hardens.  Even 
the  grain  of  smoothly  dressed  timber  will  show  on  the  surface  of  con- 
crete which  has  been  deposited  with  a  mortar  facing.  It  is  very  diffi- 
cult to  construct  forms  so  that  they  will  not  leave  slight  impressions 
of  this  character,  and  it  is  generally  better  not  to  attempt  the  task  in 
any  but  exceptional  instances.  In  these  a  straight-grained,  smoothly 
dressed  timber,  with  its  pores  filled  with  soap  or  paraffine  well  rubbed 
in,  or  a  rougher  timber  covered  with  sheet  metal,  can  be  used.  Gen- 
erally speaking,  all  has  been  done  that  is  practicable  so  far  as  the 
forms. are  concerned  when  the  face-lagging  is  kept  true  to  surface  and 
has  close-fitting  joints.  Grain-marks  and  similar  minor  impressions 
of  the  forms  can  usually  Jbe  eliminated  by  rubbing  the  surface  or  float- 
ing it  with  grout,  at  less  cost,  than  by  attempting  to  perfect  the  molds 
beyond  a  reasonable  measure.  In  fact  many  engineers  experienced 
in  concrete  work  prefer  not  to  attempt  to  secure  particularly  perfect 
finish  in  the  forms,  but  to  dress  the  entire  surface  by  some  style  of 
tooling  or  rubbing  process  after  the  forms  have  been  removed.  The 
most  apparent  imperfection  in  concrete  surfaces  is  usually  the  joint- 
marks  of  the  lagging-boards.  These  may  be  due  either  to  slight  differ- 
ences in  the  thickness  of  adjoining  boards  or  to  open  joints.  The 
remedy  for  the  first  cause  is  obvious,  but  it  is  not  so  easy  to  insure 
smooth,  tight  joints  and  keep  them  smooth  and  tight  when  the  boards 
swell  from  the  moisture  absorbed  from  the  wet  concrete.  One  of 
the  most  successful  forms  of  joint  is  that  shown  by  the 
sketch  Fig.  78.  In  this  construction  the  wedg^  edge 
presses  into  the  edge  of  the  adjoining  board  without 
distorting  or  bulging  the  lagging.  Pointing  the  joints 
with  hard  soap  or  putty,  packing  them  with  oakum 
and  covering  them  with  pasted  strips  of  cloth,  are 
other  means  which  have  been  practiced  for  preventing 
joint-marks  on  the  concrete.  A  method  of  eliminating 
Fig.  78.^Joint  grain-marks,  which  was  used  with  success  in  con- 
for  Lagging.  structing  the  piers  of  the  Frazer  River  Bridge  in  Brit- 
ish Columbia,  consisted  in  covering  the  tightly  laid  matched  lagging 
with  gloss  oil  and  then  blowing  sand  into  the  oil  with  hand-bellows. 

Mortar  or  Grout  Facing. — One  of  the  most  frequently  employed 
means  for  securing  a  smooth  surface  finish  on  concrete  is  to  use  a 
mortar  or  grout  facing.  This  facing  differs  from  plastering  in  being 
laid  on  as  the  concrete  is  deposited,  thus  forming  a  single  piece  with 
it.  The  thickness  of  mortar  facing  employed  in  practice  varies  from 
Yi  in.  to  3  ins.,  but  the  usual  practice  is  to  make  it  i  in.  or  Ij4  ins. 
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t'.:ick.  A  facing  as  thick  as  3  ins.  is  a  rather  unnecessary  waste  of 
mortar,  while  one  which  is  much  less  than  i  in.  thick  is  likely  to  be 
pierced  by  the  stones  in  the  concrete  unless  g^eat  care  is  taken  in  ram- 
ming the  concrete  filling  behind  the  mortar  facing.  A  mortar  or  grout 
facing  shows  the  impress  of  small  roughnesses  on  the  mold  more 
readily  than  does  concrete,  and  particular  care  is  necessary  to  secure 
a  smooth  surface  in  the  mold  when  a  mortar  facing  is  adopted.  The 
composition  of  the  facing  mortar  is  usually  specified  as  i  part  of  Port- 
land cement  to  2  or  3  parts  of  sand.  These  ingredients  are  mixed 
rather  wet,  since  the  paste  must  completely  fill  the  facing-mold,  but 
care  must  be  had  not  to  have  so  thin  a  paste  that  the  stones  from  the 
concrete  behind  will  be  pushed  through  it  during  the  subsequent  filling 
and  ramming. 

The  following  method  of  placing  mortar  facing  is  practiced  by  the 
Illinois  Central  R.R.  and  has  gained  wide  adoption  during  the  last 
few  years.  A  sheet-iron  plate  6  or  8  ins.  wide  and  about  6  ft.  long  has 
riveted  across  it  on  one  side  ij^^-in.  angles  spaced  about  2  ft.  apart. 
One  edge  of  this  plate  is  provided  with  handles.  This  device  is 
employed  as  a  mold  for  the  facing  and  is  operated  in  the  following 
manner:  The  plate  is  set  up  against  the  face  of  the  form  with  its 
angle-ribs  close  against  the  timber  and  its  handles  upward.  In  this 
position  of  the  plate  there  is  between  it  and  the  form  an  open  slot 
lyi  ins.  wide.  This  slot  is  filled  with  mortar  which  is  tamped 
thoroughly,  and  immediately  afterwards  the  concrete  backing  is  de- 
posited behind  the  plate.  When  this  has  been  done  the  plate  is  with- 
drawn by  the  handles  and  the  backing  and  facing  are  rammed  together 
to  a  close  bond.  The  mortar  facing  is  mixed  in  small  batches  as  it  is 
needed,  and  no  delay  is  permitted  in  placing  the  concrete  backing,  the 
essential  principle  and  purpose  of  the  method  being  to  secure  as  nearly 
as  is  possible  the  simultaneous  construction  of  the  backing  of  concrete 
and  its  facing  of  mortar. 

Fig.  79  shows  an  excellent  form  of  surface  mold  of  the  type  just 
described.  By  varying  the  size  of  the  angle-ribs  any  desired  thickness 
of  facing  can  be  constructed,  and  the  flare  of  the  top  edge  facilitates 
the  placing  of  the  mortar,  which  is  usually  done  with  shovels.  In  lieu 
of  a  steel  plate,  use  is  sometimes  made  of  a  board  provided  with 
furring-strips  on  one  side.  This  is  a  more  unwieldy  device  than  the 
one  illustrated,  and  it  is  objectionable  because  of  the  large  crevice 
left  upon  withdrawal  into  which  the  mortar  facing  is  likely  to  slough 
and  which  is  less  easily  closed  and  bonded  by  the  final  ramming.  In 
constructing  mortar  facing  with  either  iron  or  board  molds  perfect 
success  is  secured  only  at  the  expense  of  great  care.  The  mortar 
must  be  mixed  in  small  batches  and  only  as  needed,  and  it  must  be 
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thoroughly  rammed  and  churned  mto  the  facing-mold.  The  concrete 
backing  must  be  deposited  behincf  the  mold  without  delay  and  firmly 
rammed  against  it,  and  finally  the  ramming  together  of  the  facing  and 
backing  must  be  thorough. 

The  following  method  of  applying  grout  facing  was  employed  with 
success  in  constructing  the  Atlantic  Avenue  subway  for  the  Long 
Island  R.R.  in  Brooklyn,  N.  Y.  The  concrete  was  deposited  in  6-in. 
or  8-in.  layers,  and  after  ramming  the  concrete  at  the  face  was  pushed 
back  from  the  form  about  i  in.  with  an  ordinary  gardener's  spade 
and  a  thick  grout  of  i  part  cement  and  2  parts  sand  was  poured  into 


Fig.  79. — Mold  for  Mortar  Facing. 

the  space.  The  forms  used  were  tongued  and  grooved  yellow  pine 
painted  with  paraffine  paint.  In  this  work  a  good  surface  was  invari- 
ably secured  when  the  men  did  their  work  faithfully,  but  any  care- 
lessness on  their  part  evidenced  itself  in  a  rough  spot  when  the  forms 
were  removed.  As  an  indication  of  the  susceptibility  of  mortar  facing 
in  taking  impressions  from  the  forms,  it  may  be  noted  that  even  with 
the  dressed  and  paraffined  lagging  the  grain  of  the  wood  was  shown 
perfectly  on  the  mortar  facing. 

Finishing  Mortar  Facing, — When  mortar  or  grout  facing  is  em- 
ployed as  described  in  the  preceding  paragraphs  the  slightest  imper- 
fections in  the  grain  of  smoothly  dressed  wood  is  clearly  impressed  on 
the  plastic  material.  There  will  also  be  occasional  rough  spots,  pit- 
tings,  or  bubble-holes  even  with  the  most  careful  construction.  To  get 
rid  of  these  some  method  of  surface  finishing  must  be  resorted  to.  A 
number  of  methods  have  been  practiced.  In  recent  concrete  culvert 
work  on  the  New  York  Central  &  Hudson  River  R.R.  an  excellent 
surface  finish  was  obtained  by  the  following  procedure:  The  forms 
of  2-in.  dressed  and  matched  pine,  after  being  put  in  place,  were 
painted  with  a  coat  of  thin  soft  soap,  then  as  the  layers  of  concrete 
were  brought  up  the  face  was  drawn  back  with  a  square-pointwl 
shovel,  the  edges  of  which  had  been  hammered  flat.  Mortar  in  the 
proportion  of  i  part  cement  to  2  parts  sand,  mixed  rather  wet,  was 
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then  poured  in  along  the  form  and  the  layer  rammed  against  it.  Hard 
soap  was  used  to  fill  openings  left  by  joints  of  the  lagging.  When  the 
forms  were  removed  and  while  the  concrete  was  yet  **green/'  the  sur- 
face was  carefully  rubbed  with  a  circular  motion,  with  pieces  of  white 
firebrick  or  briquettes  of  i  cement  to  i  sand,  made  in  molds  about  the 
size  of  a  building-brick,  handles  being  pressed  in  while  soft.  The 
surface  was  then  dampened  and  painted  with  a  coat  of  grout  of  i 
cement  to  i  sifted  sand,  and  this  was  closely  followed  by  a  final  rub- 
bing with  a  circular  movement,  using  a  wooden  float.  All  edges  were 
rounded  with  a  Crafts  edger,  or  with  wood  fillet,  and  the  coping  joints 
were  struck  with  a  Crafts  jointer. 

In  the  specifications  for  concrete  presented  by  the  special  committee 
of  the  Engineering  and  Maintenance  of  Way  Association  the  follow- 
ing requirement  for  finishing  was  adopted : 

After  the  forms  are  removed,  any  small  cavities  or  openings  in  the 
concrete  shall  be  neatly  filled  with  mortar  if  necessary.  Any  ridges 
due  to  cracks  or  joints  in  the  lumber  shall  be  rubbed  down ;  the  entire 
face  shall  then  be  washed  with  a  thin  grout  of  the  consistency  of 
whitewash,  mixed  in  the  proportion  of  i  part  of  cement  to  2  parts  of 
sand.    The  wash  should  be  applied  with  a  brush. 

In  the  extensive  concrete  construction  of  the  Aurora,  Elgin  & 
Chicago  R.R.  the  exposed  surfaces  were  all  finished  according  to  the 
following  specifications : 

All  walls  when  finished  must  present  a  smooth,  uniform  surface 
of  cement  mortar,  and  all  disfigurements  must  be  effaced,  and  if 
there  are  any  open,  porous  places,  they  must  be  neatly  filled  with 
mortar  of  i  cement  and  2  sand,  well  rubbed  in,  which  finishing  must 
be  done  immediately  upon  the  lemoval  of  the  forms.  Compensa- 
tion for  all  labor  and  material  required  in  such  finishing,  including 
the  mortar  facing  when  required,  with  the  finishing  of  bridge  seats 
and  other  parts,  is  included  in  the  price  per  cubic  yard  for  concrete 
work. 

Mr.  Edwin  Thacher,  in  his  general  specifications  for  concrete-steel, 
requires  the  following  surface  finish : 

For  plain  flat  surfaces,  the  concrete  may  be  rammed  directly  against 
the  molds,  and,  after  the  molds  have  been  removed,  all  exposed  sur- 
faces shall  be  floated  to  a  smooth  finish  with  semi-liquid  mortar,  com- 
posed of  I  part  cement  and  2  parts  of  fine,  sharp  sand,  care  being 
taken  that  no  body  of  mortar  is  left  on  the  face,  sufficient  only  being 
used  to  fill  the  pores  and  give  a  smooth  finish. 

A  very  effective  finish  is  obtained  by  etching  the  mortar  facing  with 
acid.     The  method  consists  of  using  a  facing  mortar  composed  of 
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Portland  cement  and  finely  crushed  stone,  the  kind  of  stone  depending 
upon  the  appearance  desired.  Thus  any  shade  of  red  or  gray  granite, 
sandstone,  etc.,  can  be  obtained,  and  special  effects  can  be  obtained 
by  the  use  of  sand,  pigments,  etc.,  in  the  mixture.  This  mortar  is 
composed  of  about  i  part  Portland  cement  to  2  or  3  parts  of  the  finely 
crushed  stone.  The  exposed  surfaces  are  then  treated  by  chemical  cr 
mechanical  means  to  remove  the  cement  matrix  at  the  face,  leaving 
the  granular  particles  of  stone  partly  exposed.  In  general  this  is  dene 
by  washing  the  surface  with  a  weak  acid  solution,  then  with  clean 
water,  and  finally  with  an  alkaline  solution  to  neutralize  any  effects  0/ 
the  acid.  In  the  finished  work  it  is  difficult  to  detect  that  the  material 
is  not  natural  stone,  except  by  close  inspection.  The  stone  is  crushei! 
to  pass  through  a  sieve  of  10  to  30  meshes  per  square  inch  according 
to  the  character  of  finish  desired,  and  enough  water  is  used  to  make  a 
soft  plastic  mixture.  ^ 

Plastering. — Plastering  as  a  method  of  finishing  concrete  surfaces 
deserves  mention  for  the  purpose  alone  of  calling  a  warning  against 
its  adoption.  It  is  practically  impossible  to  apply  mortar  in  thin  layers 
to  a  concrete  surface  and  make  it  adhere  for  any  length  of  time,  and 
when  it  once  begins  to  scale  off  the  result  is  a  surface  many  times 
worse  in  looks  than  the  unfinished  concrete  that  it  was  intended  to 
render  more  sightly. 

Pebble  Dash  Facing.— An  effective  surface  finish  for  certain  classes 
of  concrete  work  can  be  secured  by  using  large  rounded  pebbles  in 
place  of  the  usual  aggregate  for  the  surface  layer  of  concrete,  and 
then,  while  the  concrete  is  soft,  removing  the  mortar  between  the 
pebbles  by  wire  brushing  until  approximately  half  the  pebbles  are 
exposed.  The  following  specification  for  this  style  of  facing  was 
employed  in  constructing  a  small  concrete  road-bridge  in  the  National 
Park  at  Washington,  D.  C. : 

The  concrete,  which  will  be  in  the  exterior  faces  of  the  bridge  and 
the  parapet  walls  for  a  thickness  of  t8  ins.,  will  be  made  of  gravel 
and  rounded  stone  varying  in  the  concrete  below  the  belting  course 
between  ij/^  and  2  ins.  in  their  smallest  diameters.  This  gravel  will 
be  mixed  in  the  concrete  as  aggregate  instead  of  broken  stone.  The 
mixture  will  consist  of  i  part  Portland  cement,  2  parts  sand,  and 
5  parts  of  aggregate.  The  parapet  walls  will  be  made  in  a  similar 
manner,  with  the  aggree^ate  composed  of  gravel  not  exceeding  i  in.  in 
its  smallest  diameter.  When  the  forms  are  removed  the  cement  and 
sand  must  be  brushed  from  around  the  face  of  the  gravel  with  steel 
brushes,  leaving  approximately  half  of  the  gravel  exposed. 

In  this  work  it  was  found  by  test  that  at  the  age  of  12  hours  the 
concrete  was  not  sufficiently  set  to  hold  the  pebbles  from  being  torn 
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out  by  the  brushing,  and  that  at  the  age  of  36  hours  it  was  too  hard 
to  permit  the  brushing,  to  remove  a  sufficient  depth  of  mortar  without 
undue  labor.  At  24  hours'  age  the  brushing  proved  most  successful. 
Tooled  Suzfaces. — A  method  of  finishing  concrete  surfaces  which  is 
preferred  by  many  experienced  engineers  is  to  dress  the  concrete  after 
it  has  hardened  by  means  of  hammers  or  pointed  chisels.  The  process 
is  exactly  analogous  to  stone  dressing,  and  any  of  the  forms  of  finish 
employed  for  cut  stone  can  be  employed  equally  well  for  concrete.  In 
connection  with  tooled  surfaces  it  is  common  to  mold  the  concrete 
to  represent  ashlar  masonry  by  means  qf  horizontal  and  vertical 
V-shaped  depressions  formed  as  shown  by  Fig.  80.  This  style  of 
finish  has  been  extensively  employed  by  Mr.  E.  L.  Ransome,  who 
give."  the  following  directions  for  securing  it:  In  imitating  rough- 
dressed  work  the  mold  is  removed  from  the  concrete  while  it  is  yet 
tender,  and  witlj  small  light  picks  the  face  is  picked  over  with  g^eat 
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Fig.  80. — Form  for  Molding  Concrete  to  Resemble  Masonry. 


rapidity,  an  ordinary  workman  finishing  about  1,000  square  feet  per 
day.  For  imitations  of  finer-tooled  work  the  concrete  should  be  left  to 
harden  longer  before  being  spalled  or  cut,  and  the  work  should  be 
done  with  a  chisel.  Most  natural  stone  and  especially  granite  makes 
excellent  material  for  the  face,  but  ordinary  gravel  will  do.  Whatever 
is  used,  let  it  be  uniform  in  color  and  of  an  even  grade.  When  a  very 
fine  and  close  imitation  of  a  natural  stone  is  required  take  the  same 
stone,  crush  it  and  mix  it  with  cement  colored  to  correspond.  The 
finer  the  stone  is  crushed  the  nearer  the  resemblance  will  be  upon 
close  inspection;  but  for  fine  work  it  is  generally  sufficient  to  reduce 
the  stone  to  the  size  of  buckshot  or  fine  gravfel. 

Masonry  Facing. — A  facing  of  masonry  is  often  employed  on  rein- 
forced-concrete  arch  bridges,  and  is  a  very  satisfactory  solution  of 
the  problem  of  surface  finish  for  such  structures.  Masonry  facing 
may  be  of  any  style  of  stonework  which  is  used  for  true  masonry 
arches,  and  coursed  ashlar,  random  rubble,  and  boulder  masonry 
facings  have  all  been  employed.     Exactly  the  same  care  should  be 
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exercised  in  selecting  stones  and  laying  them  up  into  arch  ring  and 
wall,  cornice  and  parapet,  as  if  the  structure  were  entirely  of  masonry. 
Beyond  this  the  most  important  feature  to  be  observed  is  close  bond- 
ing of  the  masonry  facing  to  the  concrete  backing.  To  insure  this 
there  should  be  a  liberal  use  of  stretchers  reaching  well  into  the  back- 
ing, and  these  can  be  supplemented  with  metal  cramps  to  the  advan- 
tage of  the  work  in  many  instances.  For  facing  the  arch  ring  the 
stones  should  be  cut  to  true  voussoir  shape,  and  laid  quite  as  perfectly 
as  if  they  were  a  part  of  a  true  voussoir  arch  ring.  The  soffit  of  the 
arch  ring  is  not  stone-faced.  In  place  of  stone  a  brick  facing  may  be 
employed. 

The  following  specifications  for  stone  and  brick  facing,  which  were 
prepared  by  Mr.  Edwin  Thacher,  M.  Am.  Soc.  C.  E.,  to  control  work 
conducted  by  him,  give  a  fair  idea  of  the  requirements  of  high-class 
work  of  this  character : 

Stone  Facing. — If  stone  facing  is  used,  the  ring  stones,  cornices, 
and  faces  of  spandrels,  piers,  and  abutments  shall  be  of  an  approved 
quality  of  stone.  The  stone  must  be  of  a  compact  texture,  free  from 
loose  seams,  flaws,  discolorations,  or  imperfections  of  any  kind,  and 
of  such  a  character  as  will  stand  the  action  of  the  weather.  The 
spandrel-walls  will  be  backed  with  concrete,  or  rubble  masonry,  to  the 
thickness  required.  The  stone  facing  shall  in  all  cases  be  securely 
bonded  or  clamped  to  the  backing.  All  stone  shall  be  rock-faced  with 
the  exception  of  cornices  and  string  courses,  which  shall  be  sawed  or 
bush-hammered.  The  ring  stones  shall  be  dressed  to  true  radial  lines, 
and  laid  in  Portland  cement  mortar,  with  }4-in-  joints.  All  other 
stones  shall  be  dressed  to  true  beds  and  vertical  joints.  No  joint 
shall  exceed  >^  in.  in  thickness  and  shall  be  laid  to  break  joints  at 
least  9  ins.  with  the  course  below.  All  joints  shall  be  cleaned,  wet, 
and  neatly  pointed.  The  faces  of  the  walls  shall  be  laid  in  true  lines, 
and  to  the  dimensions  given  on  plans,  and  the  corners  shall  have  a 
chisel  draft  i  in.  wide  carried  up  to  the  springing  lines  of  the  arch, 
or  string  course.  AH  cornices,  moldings,  capitals,  keystones,  brackets, 
etc.,  shall  be  built  into  the  work  in  the  proper  positions  and  shall  be 
of  the  forms  and  dimensions  shown  on  plans. 

Brick  Facing  with  Concrete  Trimmings, — The  arch  rings,  cornices, 
string  courses,  and  quoins  shall  be  concrete-faced  as  described  above, 
the  arch  rings  and  quoins  being  marked  and  beveled  to  represent 
masonry.  The  piers,  abutments,  and  spandrels  shall  be  faced  with 
vitrified  brick,  as  shown  on  plans.  The  brick  facing  shall  be  plain 
below  the  springing  lines  of  the  arches,  and  rock-faced  above  these 
lines.  All  rock-faced  brick  shall  be  chipped  by  hand  from  true  pitch 
lines.  All  brick-facing  shall  be  bonded  as  shown  on  plans,  at  least 
one-fifth  of  the  face  of  the  wall  being  headers.  The  brick  must  be  of 
the  best  quality  of  hard-bumed  paving  brick,  and  must  stand  all  tests 
as  to  durability  and  fitness  required  by  the  engineer  in  charge.  The 
bricks  must  be  regular  in  shape  and  practically  uniform  in  size  and 
color.    They  shall  be  free  from  lime  and  other  impurities ;  shall  be  free 
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from  checks  or  fire  cracks,  and  as  nearly  uniform  m  every  respect  as 
possible;  shall  be  burned  so  as  to  secure  the  maximum  hardness;  so 
annealed  as  to  reach  the  ultimate  degree  of  toughness;  and  be  thor- 
oughly vitrified  so  as  to  make  a  homogeneous  mass. 

The  backing  shall  be  carried  up  simultaneously  with  the  face  work, 
and  be  thoroughly  bonded  with  it 

The  use  of  boulder  facing  will  ordinarily  be  limited  to  structures 
of  special  character,  and  its  success  will  depend  very  largely  upon  the 
care  with  which  the  stones  are  selected,  their  size,  and  their  arrange- 
ment in  the  structure.  In  constructing  a  boulder-faced  concrete  arch 
at  Washington,  D.  C,  the  following  requirements  were  specified  for 
the  facing: 

The  term  boulder  here  is  meant  to  cover  loose  rock,  which  shall  be 
hard,  durable,  and  of  a  quality  to  be  approved  by  the  engineer,  whose 
edges  have  become  weathered  or  water-worn,  or  both,  and  are  more 
or  less  rounded.  It  is  the  intention  to  obtain  a  decidedly  rustic  effect 
on  the  facing,  and  to  that  end  extreme  care  must  be  taken  in  the  selec- 
tion of  the  stones,  and  only  mechanics  who  show  an  aptitude  for  this 
class  of  work  shall  be  employed.  No  tool  marks  or  fresh  fractures 
will  be  allowed  on  the  showing  faces. 

The  boulder  face  of  such  stone  shall  project  at  least  2  ins.  beyond 
the  neat  lines  of  the  bridge,  and  this  projection  shall  not  exceed  15  ins., 
nor  shall  it  be  greater  than  one-half  the  least  horizontal  dimension  of 
the  stone.  All  joints  shall  be  scraped  and  brushed  clear  of  mortar 
to  the  depth  indicated  by  the  engineer.  The  mortar  shall  consist  of 
I  part  Portland  cement  and  2  parts  sand.  The  backs  of  all  boulders 
shall  be  plastered  with  a  layer  of  mortar  as  specified,  at  least  %  in. 
thick,  immediately  before  ramming  the  concrete  against  them. 

The  arch-stones  shall  have  a  depth  of  between  3  and  4  ft.,  a  width 
of  not  less  than  18  ins.,  nor  more  than  36  ins. ;  all  dimensions  to  be 
measured  exclusive  of  the  projections  beyond  the  neat  lines.  The 
joints  shall  be  dressed  so  as  not  to  exceed  1J/2  ins.  at  any  point  for  at 
Wast  two-thirds  their  depth  and  two-thirds  their  length,  and  as  much 
more  as  the  stones  will  admit.  Each  arch-stone  shall  be  cramped  to 
the  adjacent  steel  girder  by  means  of  a  wrought-iron  cramp  made 
from  }iy^}i-in.  bar,  the  cramps  to  reach  at  least  2  ins.  into  each 
boulder,  to  be  well  cemented  into  them,  and  securely  cramped  to  the 
top  of  the  girder.  The  outside  girders  shall  be  cramped  to  the  adjacent 
girders  by  10  wrought-iron  cramps  made  from  j4X^"i"-  ^^r  ('"  ^o"" 
struction  we  used  j4X/4-in»  as  it  bent  cold  without  fracture). 

No  dressing  will  be  required  on  the  stones  used  in  abutments, 
spandrels,  and  wing  walls  of  the  work,  but  only  well-shaped  boulders, 
laid  on  their  broadest  bed,  will  be  allowed.  Dressing  will  be  per- 
mitted on  such  stones  as  cannot  be  properly  bedded  without  it.  The 
parapet  walls  will  be  a  continuation  of  the  spandrel  and  wing  walls. 
The  boulder  stone  must  reach  entirely  through  the  wall. 

Cast  Concrete  Slab  Veneer.— In  constructing  the  arch  bridge  at  Sois- 
sons,  France,  which  is  described  on  p.  244,  the  faces  of  the  arch-ribs 
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and  the  spandrel  facing  were  formed  of  slabs  of  concrete-steel  molded 
separately  and  set  in  place  like  stone  veneer  with  the  remainder  of 
the  concrete  forming  a  backing.  An  essentially  similar  construction 
was  employed  in  Chicago,  111.,  in  1902,  in  constructing  a  number  of 
recreation  buildings  in  one  of  the  city  parks.  In  the  last  example 
mentioned  the  slabs  were  cast  face  down  in  wooden  molds ;  the  mode 
of  procedure  being  as  follows : 

A  layer  of  mortar  composed  of  i  part  cement  and  2  or  3  parts  of 
finely  crushed  stone  was  first  placed  in  the  bottom  of  the  mold  to  a 
depth  of  from  Yz  in.  to  i  in.;  on  this  bed  of  mortar  a  1-2-4  concrete, 
with  J^  to  54  in.  stone,  was  placed  to  the  thickness  desired  and  care- 
fully rammed.  After  hardening,  the  blocks  were  removed  from  the 
molds  and  set  aside  to  season  until  they  were  placed  in  the  structure. 

The  construction  of  the  slab  veneer  for  the  Soissons  Bridge  was 
as  follows :  For  molding  the  arch-rib  facing  a  smooth  level  platform 
or  pavement  of  concrete  was  constructed  on  an  adjacent  level  piece 
of  ground.  This  molding  platform  was  large  enough  to  permit  the 
arch-ribs  to  be  delineated  to  full  size  on  its  surface.  To  prepare  the 
mold  the  platform  was  covered  smoothly  with  gunny  cloth  held  down 
by  battens,  which  also  served  to  outline  the  extrados  and  intrados  of 
the  arch-rib.  Radial  strips  of  wood  were  then  placed  to  divide  the 
mold  into  voussoir-like  sections.  A  thin  bed  of  mortar  was  placed  on 
the  bottom  of  the  mold  and  on  this  was  laid  four  rein  forcing-bars,  one 
near  and  parallel  to  each  edge  of  the  vpussoir  being  molded,  so  as 
to  intersect  at  the  corners.  Under  these  bars  at  several  points  wire 
stirrups  were  looped  with  their  fine  ends  projecting  upward.  The 
metal  was  then  covered  with  a  rich  concrete  of  fine  stone  laid  on  the 
mortar-bed  and  compacted  so  that  the  total  thickness  was  about  2  ins. 
When  hardened,  the  product  of  the  mold  was  a  set  of  voussoir-shaped 
slabs  with  smooth  faces  and  edges  and  a  rough  back  with  a  number 
of  projecting  wires.  In  construction  these  facing  slabs  were  set  in 
place  with  mortar  joints  and  backed  with  concrete.  For  the  spandrel- 
wall  facing  the  slabs  were  cast  in  rectangular  molds  in  exactly  the 
same  manner.  The  engineers  of  the  Soissons  Bridge  remark  that  the 
use  of  this  cast  concrete  veneer  enabled  a  considerable  reduction  of 
expense  for  forms  and  assured  a  surface  finish  of  pleasing  appearance. 

Moldings  and  Ornamented  Shapes.— The  finishing  of  concrete  struc- 
tures in  many  instances  comprehends  the  construction  of  moldings 
and  ornamental  shapes  for  cornices,  corbels,  medallions,  key-stones, 
and  other  architectural  parts.  These  may  either  be  molded  in  place 
by  suitable  construction  of  the  stationary  forms  or  they  may  be  cast 
separately  in  portable  molds  and  set  in  place  in  the  structure  as  would 
be  cut  stone.     Panels  of  simple  form  or  plain  cornice  moldings  can 
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usually  be  molded  in  place  without  great  trouble  and  expense,  but  in 
constructing  corbels,  complicated  moldings,  balusters,  etc.,  particularly 
where  one  pattern  is  duplicated  a  number  of  times,  time  and  expense 
will  usually  be  saved  by  casting  them  separately  or  in  sections,  and 
afterwards  erecting  the  separate  pieces  in  the  structure. 

The  casting  of  ornamental  shapes  in  concrete  may  be  accomplished 
either  in  sand-molds  or  in  rigid  molds  of  wood,  metal,  or  plaster  of 
Paris.  Some  very  handsome  work  has  been  recently  performed  by 
sand-molding.  The  mode  of  procedure  followed  in  making  concrete 
castings  in  sand  varies  somewhat  in  practice,  but  it  is  substantially 
as  follows:  A  pattern  of  the  shape  to  be  cast  is  first  made  in  wood 
and  to  the  exact  size  required,  since  no  allowance  for  shrinkage  is 
necessary.  The  pattern  is  then  molded  in  sand,  in  flasks  exactly  as 
is  done  in  casting  iron.  The  mixture  used  usually  consists  of  cement 
and  finely  crushed  stone  of  about  the  consistency  of  cream,  and  this 
is  poured  into  the  mold  by  means  of  a  funnel  and  T  pipe.  The  excess 
water  in  the  mixture  soaks  into  the  sand  and  serves  to  keep  the  cast- 
ing moist  during  setting.  Generally  the  casting  is  left  in  the  mold 
for  three  or  four  days,  and  is  then  removed  and  the  projecting  fins, 
if  any,  are  cut  off.  The  cast  stone  may  be  used  immediately  in  the 
work,  but  it  is  preferable  to  let  it  season  and  harden  for  a  fortnight 
or  more  before  using.  The  product  of  these  sand-molds  has  an  un- 
usually attractive  surface  texture.  Sand-molding  is  particularly  ad- 
vantageous when  balusters,  corbels,  medallions,  and  intricate  moldings 
have  to  be  cast,  but  for  plain  cornices  and  facing  slabs  it  is  generally 
as  cheap  and  convenient  to  use  wooden  forms. 

Efflorescence. — The  leaching  out  of  certain  lime  compounds  and  their 
deposition  on  the  surfaces  of  concrete  work  are  quite  frequently  the 
cause  of  the  uneven  color  of  such  surfaces.  In  relation  to  this  source 
of  discoloration  Mr.  Clifford  Richardson,  Director  of  the  New  York 
Testing  Laboratory,  says : 

It  is  primarily  due  to  variations  in  the  amount  of  water  in  the 
mortar  of  which  the  cement  is  composed.  It  will  be  readily  under- 
stood that  when  any  excess  of  water  is  used,  segregation  of  the  coarse 
and  fine  particles  will  take  place,  with  a  resulting  difference  in  color. 
When  a  large  amount  of  water  is  used  the  concrete  is  more  porous 
and  the  very  considerable  percentage  of  free  lime  liberated  from  the 
Portland  cement  in  the  course  of  setting  is  more  readily  brought  to 
the  surface  at  such  a  point.  .  .  .  The  amount  of  >yater  in  a  concrete, 
the  face  of  which  is  to  be  exposed,  should  be  neither  too  small  nor  too 
large,  but  such  a  concrete  should  certainly  not  be  dry  or  the  exposed 
face  will  be  honeycombed.  .  .  .  Where  the  greatest  care  is  used  as 
to  the  amount  of  water  added  to  the  mortar  and  to  prevent  its  loss, 
and  where  separation  of  the  mortar  from  the  broken  stone  is  carefully 
avoided  in  depositing  the  concrete  and  in  ramming  it,  the  exposed  sur- 
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face,  after  the  removal  of  the  molds,  is  fairly  uniform  in  color.  .  .  . 
A  more  uniform  color  will  always  be  obtained  when  some  puzzolanic 
material  is  ground  in  with  the  cement  such  as  slag  or  tross.  This 
hydrated  silicious  material  combmes  with  the  lime  which  has  been 
liberated  and  prevents  it  washing  out  on  the  surface.  .  .  .  Exactness 
in  the  amount  of  water  used  in  the  concrete,  when  the  elimination  of 
the  stain  caused  by  the  free  lime  is  considered  desirable,  the  addition 
of  some  substance  containing  silica  in  an  active  form  are  the  two 
steps  to  be  taken  to  produce  a  concrete  surface  which  should  .present  a 
uniform  color  and  a  pleasing  appearance. 

The  measures  whose  adoption  are  recommended  in  the  quotation 
just  made  are  designed  to  prevent  the  occurrence  of  efflorescence  by 
adopting  certain  precautions  in  the  materials  and  workmanship  of  the 
original  construction.  Their  adoption,  however,  if  it  gives  the  success 
that  Mr.  Richardson  anticipates,  is  obviously  the  way  to  get  at  the 
root  of  the  trouble,  but  such  action  involves  a  degree  of  skill  and 
watchfulness  in  constructing  concrete  work  which  is  difficult  of  attain- 
ment under  ordinary  conditions  of  engineering  construction,  and 
which  if  attained  will  add  materially  to  the  cost  of  construction.  They 
have  the  further  objection  that  a  special  mixture  of  cement  is  required 
about  which  our  information  is  not  entirely  certain.  In  default  of 
preventive  measures,  which  recommend  themselves  to  general  use,  the 
engineer  who  encounters  the  trouble  of  efflorescence  must  overcome  it 
by  remedial  measures.  There  are  a  number  of  these  available.  The 
most  practical  ones  are  the  washing  of  the  discolored  surfaces  by 
solution,  which  will  remove  the  incrustation,  or  the  removal  of  the 
original  surface  by  dressing  it  down  with  hammers  or  tooling  of  some 
sort 

The  manner  of  dressing  down  concrete  surfaces  to  eliminate  sur- 
face imperfections  is  discussed  in  a  previous  paragraph.  The  follow- 
ing account  of  the  method  of  cleaning  a  concrete-steel  bridge  at  Wash- 
ington, D.  C,  gives  instructive  data  as  to  this  mode  of  procedure: 
The  bridge  in  question  had  a  mortar  facing  and  after  this  was  com- 
pleted a  heavy  rain  caused  the  entire  north  facade  to  become  dis- 
colored by  efflorescence.  This  discoloration  was  not  uniform,  but  in 
streaks  and  blotches  of  a  white  color,  which  after  weathering  a  short 
time  turned  into  a  dirty  yellow.  To  clean  the  bridge  trial  was  first 
made  of  water  and  wire  brushes,  but  after  a  little  work  this  method 
was  considered  impracticable  owing  chiefly  to  its  cost,  which  was  esti- 
mated at  $2.40  per  square  yard.  Washes  of  dilute  hydrochloric  acid, 
of  dilute  acetic  acid,  and  of  dilute  oxalic  acid  were  then  tried  in  con- 
junction with  ordinary  scrubbing-brushes.  The  hydrochloric-acid 
wash  proved  the  best,  and  the  acetic-acid  wash  came  next  in  efficiency. 
The  wash  finally  adopted  consisted  of  a  solution  of  i  part  hydrochloric 
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acid  and  5  parts  water.  This  was  applied  vigorously  with  scrubbing- 
brushes,  water  being  constantly  played  on  the  work  with  a  hose  to 
prevent  the  penetration  of  the  acid.  One  house-cleaner  and  five  labor- 
ers were  employed  on  the  work,  which  cost  60  cents  per  square  yard. 
This  high  cost  was  due  largely  to  the  difficulty  of  cleaning  the  balus- 
trades; it  was  estimated  that  the  cost  of  cleaning  the  spandrel-  and 
w^ing-walls  did  not  exceed  20  cents  per  square  yard.  The  cleaning  was 
thoroughly  satisfactory.  Some  of  the  flour  removed  by  the  brushes 
^was  analyzed  and  found  to  be  silicate  of  lime. 


APPENDIX  A. 
Prop.  Talbot's  Tests  of  1905. 
Prof.  Arthur  N.  Talbot  has  published  the  results  of  his  tests  of  re- 
inforced concrete  beams,  made  last  year,  with  a  very  complete  discussion 
and  instructive  analysis,  in  Bulletin  No.  4  of  the  University  of  Illinois 
Engineering  Experiment  Station.  The  tables  showing  the  results  of 
these  tests,  with  a  short  extract  from  Prof.  Talbot*s  description  of  the 


Table  1. 

C0ICPU88ION  Twm  OP  6>IMCH  COKCRBTB 


CUBB. 


Concrete 
aein 

Kind  of 
Concrete 

Age 
dayf 

Crushing 

F/)ed 
pounds 

Corapreerive 

Strength 
!b.  peraq.  in. 

Beam  No.  35 

1^»^ 

66 

48000 

47980* 

67400 

1380 
1330 
1690 

Beam  No.  44 

1-3-6 

67 

38400 
39600 
29400 

1066 
1106 
816 

Betm  No.  66 

l-«-6 

69 

47200 
41600 
48860 

1310 
1156 
1366 

Avenge 

1230 

Beam  Na  69 

1-2-4 

66 

46400 
87800 

1290 
1060 

fie«mNo.60 

1-2-1 

68 

64600 
73200 
61200 

1790 
2070 
1780 

fietmNo.66 

1-2-4 

67 

64660 
65000 

41240 

ill 

Avenge 

1620 

Beam  No.  48 

1-8-6 

6» 

28200 
28000 

788 
786 
777 

beams,  and  explanatory  cuts,  are  reproduced  here.  Readers  interested 
«n  this  subject  will  find  it  well  worth  while  to  refer  to  the  Bulletin  men- 
tioned 

The  8i7e  of  the  test  beam  used  was  8  inches  wide.  1 1  mches  deep  and 
13  feet  long,  with  test  span  of  12  feet.  The  center  of  the  steel  reinforce- 
ment was  placed  10  inches  below  the  top  surface,  except  that  m  special 
cases  it  was  bent  up  at  the  ends     The  amount  of  reinforcement  given 
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is  in  terms  of  the  area  of  the  concrete  above  the  center  of  the  metal, 
no  deduction  being  made  for  the  area  taken  by  the  metal. 

Beams  were  made  directly  on  the  concrete  floor  of  the  testing  laboratory, 
a  strip  of  building  paper  being  first  spread  on  the  floor.  The  forms  used 
for  the  sides  and  ends  were  of  dressed  pine  with  braces  and  bolts.  They 
p<-oved  entirely  satisfactory,  except  for  some  warping  of  the  timber 
which  was  overcome  by  soaking  the  boards  in  water  between  applica- 
tions. The  concrete  was  mixed  by  hand  with  shovels,  a  man  experi- 
enced in  mixing  concrete  assisting  in  the  work.  All  materials  were 
measured  by  loose  volume.  Cement  and  sand  were  thoroughly  mixed 
on  a  large  sheet-steel  mixing  board  before  stone  was  added.  The  stone, 
cement,  and  sand  were  then  mixed,  water  was  added,  and  the  mixture 
was  turned  tmtil  it  had  a  imiform  consistency.  A  moderately  wet  con- 
crete was  used.  With  few  exceptions  batches  of  concrete  were  mixed 
just  large  enough  for  one  beam,  and  for  three  6-inch  cubes.  Concrete 
was  deposited  in  layers  of  about  3  inches,  each  layer  being  thoroughly 
tamped.  The  side  faces  of  the  beams  were  spaded  as  the  work  progressed. 
Forms  were  allowed  to  remain  in  place  about  48  hours.     The  proportions 

Table  2. 

Tam  or  Pumf  Ooxcm  Bbaio. 

DiineMioiii,8iB.xlliii.xl8ft  Span,  lift. 


No. 


64 
66 


Kind  of 
OoQcrale 


1-8-6 
1-8-6 
1-8^ 


Ago  at  Teat 
daya 


Mazimoai  1  Hodnloa  oi 
AppUedLoad   Rnptoro 
lb.para4.iBL 


68 
68 
68 


867 
888 

87» 


for  most  of  the  beams  were  i  cement,  3  sand,  6  stone  by  loose  volume. 
A  few  beams  were  made  of  concrete  with  the  proportions  1-2-4  The 
beams  were  numbered  in  the  order  of  making.  The  average  weight 
of  the  beams  was  about  1200  lbs.,  making  the  concrete  weight  about  150 
lbs.  f)er  cu.  ft. 

The  temperature  of  the  room  during  the  curing  of  the  beams  rangec 
from  60  to  70  degrees  F.  and  no  protection  from  drying  out  w^as  used, 
except  that  the  beams  were  sprinkled  with  water  for  a  few  days  after 
being  made.  It  seems  probable  that  the  beams  dried  out  too  much  to 
secure  the  best  quality  of  concrete  The  general  age  of  the  beams  at 
testing  was  60  days;  the  exact  age  is  given  in  the  table.  The  storage 
space  of  the  room  being  limited  it  was  necessary  to  pile  the  beams  in 
tiers  five  beams  high.  The  beams  were  moved  from  their  place  of  con- 
struction, generally  after  more  than  two  weeks  had  elapsed,  and  were 
piled  in  tiers  with  thin  strips  between  An  unfortunate  accident  hap- 
pened to  the  first  fifty  beams  Not  being  securely  braced,  the  last 
tier  fell  over  sideways  and  struck  the  next  tier  and  thus  caused  aB  to 
tumble  like  a  pile  of  bricks     The  age  at  time  of  fall  ranged  from  two  to 
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six  weeks.  Fifteen  beams  were  broken  by  the  fall,  the  blow  producing 
tension  in  the  upper  side.  The  older  beams  being  in  the  rear  had  the 
severest  fall.  Several  of  the  broken  beams  were  tested,  interesting 
results  being  obtained.  These  results  are  of  value  in  showing  the  abuse 
which  such  beams  may  stand.  Beam  No.  i8  which  was  broken  in  the 
fall  at  a  point  a)  feet  from  the  middle  carried  a  load  of  18,000  lbs.,  the 

L vA4\-V^ -J 

Pig.  1. — ^Typical  Forms  of  Failure. 

(a)  By  Tension  in  Steel.     (6)  By  Compression  of  Concrete. 

(c)  By  Diagonal  Tension. 

highest  load  carried.  In  this  test  the  loads  were  applied  at  two  points 
7l  ft.[apart,'and  it  should  be  borne  in  mind  that  between  these  two  points 
no  shear  existed  and  hence  no  diagonal  tension  was  developed.  The 
loads  held  by  the  broken  beam  and  their  action  during  the  test  are  to 
the  credit  of  reinforced  concrete  construction.  Broken  beams  which 
were  not  tested  or  which  showed  tmtrustworthiness  in  the  tests  are 
omitted  from  the  tables. 
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REINFORCED  CONCRETE. 
Table  3. 
JUta^v.! 


B€«ll 

Kind  of 

Amount  of 

Per  cent  of 

diys 

No. 

Concrete 

Reinforcement 

Reinforcement 

6 

1-3-6 

4  Hn*  Round 

.98 

69 

11 

«« 

•  4                   44 

.98 

65 

IS 

M 

•  4                   44 

.98 

62 

14 

«l 

44                  44 

.96 

63 

15 

«< 

44                     41 

.98 

63 

16 

11 

44                    44 

.98 

63 

17 

If 

44                    44 

.98 

65 

18 

tf 

44                    44 

.98 

72 

19 

it 

44                    (i 

.98 

63 

ao 

14 

•  4                   4« 

.98 

64 

21 

«f 

44                     41 

.98 

62 

22 

44 

44                   14 

.96 

63 

23 

41 

44                   44 

.98 

62 

24 

44 

4    -in.  Round 

2.21 

63 

26 

44 

4    -in.  Round 

.98 

64 

27 

ir 

3  }-in.  Round 

.74 

68 

28 

M 

4  l-in.  Round 

2.21 

60 

29 

44 

44                    44 

2.21 

62 

30 

44 

4  }-in.  Round 

.98 

62 

31 

44 

44                     44 

.98 

62 

38 

ft 

3  }-in.  Round 

1.66 

60 

34 

4l 

44                    41 

1.66 

60 

35 

44 

/3 
12 

-in.  Round 
-in.  Round 

1.84 

60 

36 

" 

3 

•in.  Round 

.74 

62 

37 

44 

6 

-in.  Round 

1.24 

59 

88 

44 

{1 

-in.  Round 
•in.  Round 

1.80 

57 

39 

Abnormal 

4 

-in.  Round 

.98 

61 

40 

44 

44                    44 

.98 

61 

41 

44 

44                  44 

.98 

61 

42 

44 

14                  44 

.98 

62 

43 

44 

44                  44 

.98 

61 

44 

44 

44                  14 

:98 

61 

45 

1-3-6 

f  3  |-in.  Round 
\2    -in.  Round 

.    1.84 

61 

46 

44 

5    -in.  Round 

2.76 

61 

47 

44 

4  i-in.  Round 

.98 

60 

48 

4t 

44                   44 

.98 

64 

49 

44 

2  i-in.  Round 

1.10 

60 

50 

44 

4  (-in.  Round 

.98 

387 

51 

44 

3  f-in.  Round 

1.66 

ffS 

52 

44 

•            44                   44 

1.66 

60 

63 

(4 

2    -in.  Round 
4  }-in.  Round 

1.10 

61 

54 

44 

.98 

63 

55 

44 

3  l-in.  Round 
2    -in.  Round 

1.66 

59 

56 

44 

1.10 

59 

57 

41 

44                  44 

1.10 

59 

58 

1-2-4 

4  )-in.  Round 

.98 

60 

59 

44 

44                      44 

.98 

59 

60 

1-3-6 

2  f-in.  Round 

1.10 

69 

61 

14 

3  f-in.  Round 

1.66 

59 

62 

44 

2  l-in.  Round 

1.10 

59 

63 

it 

•44         44 

1.10 

68 

67 

44 

41                   «4 

1.10 

57 
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Table  4. 
1  Per  Cent  Mild  Si-bbl  Rbinforcbmbnt. 
Loading  at  Onk-Third  Points. 


:§ 


5 
11 
13 

16 

17 


19 

20 
22 
28 

26 

31* 

50t 


-s 


Continaoos 
Continuous 

Progressively 
applied  ana 
reJeased 

8000  lb.  re- 
tainea28 
hours 

9000  lb.  re- 
peated 10 
times 


6000  1b.  re- 
peated 8 
times.  10000 
lb.  6  times 
Progressively 
applied  and 
released 
90001b.  re- 
tained 20 
hours 

13  hours'  rest 
after  6000  lb 
9000  lb.  re- 
peated twice 
5000  lb.  re- 
tained 25 
hours 

15  hours'  rest 
after  8000  lb. 
Continuous 


n 

IP 


.450 

6000 

.490 

9000 

.490 

5000 

.420 

4500 

.500 

7000 

.450 

6000 

.445 

7000 

.400 

5000 

.460 

9000 

.470 

4800 

.430 

.440 

6000 

Is 


a 

Q. 


11000 
11000 


la  I 


11000 
11000 


Calculated  Stress  in 

Steel 

lb.  per  sq.  in. 


From 
Resisting 
Moment 


From 
Deforma- 
tions 


11800  11800 


11600 
11100 

10800 

10200 
12700 
12800 

11450 

11400 
10250 


11600 
11100 

10000 

10000 
12500 
12000 

11000 

11000 
10260 


40000 
40600 
43600 

41600 

41200 


36400 


44500 
43700 

40000 


37100 


46000 
41400 

48000 

36900 


36900 
49600 
44O0O 

44100 

41700 
40800 


Tension 
in  steel 

Tension 
in  steel 

Tension 
in  steel 

Tension 
in  steel 

Tension 
in  steel 
followed 
by  diaf^ 
onal  ten- 


Tension 
in  steel 


Diagonal 
tension 

Tension 
in  steel 

Tension 
in  steel 


Tension 
in  steel 

Tension 
in  steel 

Tension 
in  steel 


*    Beam  No.  31  was  cracked  before  test 

t  Beam  No.  50  was  loaded  up  to  2000  lb.  at  age  of  60  days  and  observations 
made  on  the  effect  of  rest;  at  the  age  of  387  days  loadnnras  applied  continuously  to 
iHlttre. 
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Table  5. 
1  Ptt  OmT  BfxLD  Stbil  RBnrroacsMDrr. 

MmCELLAXmOUB  LOAOIRO. 


14» 

15 

18» 

21 

30 

47 


At  two  points 
7i  ft  apart 

At  two  pointis 
7}  ft  apart 

At  two  points 
7^  ft  apart 

At  middle 

At  middle 
At  eight  p'nts 


.602 
.464 
.458 
.420 
.460 
.440 


1^2,  Jan, 


14000 


5000 

5000 
6000 


'^ 

e 


15400 
17600 
18800 
9600 
8000 
13000 


15000 
17600 
18000 
9500 
7000 
13000 


Calculated  Stress 

in  Steel 
lb.  per  sq.  in. 


From 
ResLating 

Moment 


32700 
35400 
36800 
51200 
37900 

4noo 


From 
Deforma- 
tions 


27500 
32700 
3900O 
47000 
31800 
37200 


DiagOBil 
tensioD 

Dngonal 
teoaon 

Diagonal 


Tension 
in  steel 

Tension 
in  steel 

Tension 
in  steel 


Beams  Na  14  and  18  were  cracked  before  test 

Table  6. 
1  Put  CniT  Mild  Stebl  BmnwovcEMBHT. 
Abnormal  Concrrx. 
Loads  Applixd  Continuously  at  Onb-Thiro  Points. 


40 
41 
42 
43 

44 


Kind  of 
Concrete 


r 


11 

1:si 


as3& 


;3 

all 


I 


1 

I 


Calculated  Stress 

in  Steel 

lb.  per  aq.  in. 


From 
Resisting 
Moment 


From 
Deforma- 
tions 


I  I 


Poorly  mixed 
Poorly  mixed 

Lean  concrete 

at  bottom 
Lean  concrete 

at  bottom 
Plane  of  set 

1  in.  from 

bottom 
Plane  of  set 

5^  in.  from 

bottom 


.423 
.490 
.390 
.520 
.390 

.404 


7000 
8800 
8800 
6000 
9100 

8000 


7000 
8800 
8800 
6000 
9300 

9400 


6000 
8000 
8800 
6000 
9000 

9000 


21500 
29600 
3120D 
22400 
81900 

82000 


20700 
30900 
27900 
19200 
37800 

41460 


Diagonal 

tension 
Diagonal 

tension 
Diagonal 

tension 
Diagonal 

tenaon 
T^nsioq 

in  steel 

Di^ooal 
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Table  7. 
2.21  PiR  Cbmt  Mild  8tibl  RnNVORCEMSMT. 
Loading  at  Onb-Thibd  Foihtb. 


4. 
I 


24 


Method  of 


ProgreariTely 
applied  and 
released 

Progressively 
applied  and 
released 

12000  lb.  re- 
peated 16 
times 


•s 

r 


.516 
.610 
.606 


8000 

7000 

10000 


15600 
14300 
15900 


15600 
14000 
15000 


Oalcalated  Stress 

inSfeel 

lb.  per  sq.  in. 


From 
Resisting 
Moment 


25800 
24200 
25900 


From" 
Deforma- 
tions 


25500 
29400 
30000 


LI 


Diagonal 
tension 

Diagonal 
tension 

Dia0>nal 
crack  fol- 
lowed by 
compres- 
sion 


Table  8. 

Miscellaneous  Mild  Steel  Reinvobcembnt. 

Load  Applied  Continuously  at  One-Third  Points. 


IP 
5?  a 


c 

Si 

<       ^ 

s3a 


^11 
III 


5000 
6000 
8000 
7000 
10000 
12800 

VdiCKJO 
10000 


8000 
7400 
13000 
13950 
14400 
12800 
12400 
15000 
15200 


8000 
7000 
12000 
13000 
14006 
12000 
12400 
14000 
15000 


Calculated  stress 

in  steel 

lb.  per  sq.  in. 


From 
Resisting 
Moment 


37400 
33100 
35000 
29500 
30600 
24900 
25600 


21400 


From 
Deforma- 
tions 


44100 
36000 
36000 
35400 
30000 
37200 
27200 
30000 
26400 


Manner 

of 
Failure 


Tension  in  steel 
Tension  in  steel 
Tension  in  steel 
Diagonal  tension 
Diagonal  tension 
Diagonal  tension 
Diagonal  tension 
Tension  in  steel 
Compression  in 
concrete 


*    Beam  No.  27  was  tested  for  effect  of  rest  after  a  load  of  6000  lb. 
been  applied. 

t    A  load  of  6000  lb.  was  retained  22  hotus. 
X   Beam  No.  46  was  cracked  before  test. 


had 
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Table  9. 
Beans  with  Ron  Bbut  out  op  Hobixomtaw 

1  PEK  CENT  RbINPOHCBMBMT. 

Loads  Appued  CoimifVoosLT. 


i 


Loading 


n  'I 


I 


Cftlculated  Stress  in  Steel 
lb.  per  sq.  in. 


From 
Resisting 
Moment 


From 
Deforma- 
tions 


I- 1 

50= 


48 
54 
58 

69 


At  one-third 

points 
At  middle 

At  one-third 

points 
At  one-third 

points 
At  one-third 

points 


.440 
.445 
.374 
.360 
.410 


8000 
6000 
4000 
4000 

4000 


OSOO 
6600 
8800 
7900 
7400 


9000 

6000 
8000 
7900 
7000 


32500 
32600 
28200 
27600 
25000 


37800 
30600 


36000 
30000 


Tension 

in  steel 
Tension 

in  steel 
Tension 

in  steel 
Tension 

in  steel 
Tension 

in  steel 


*    Beam  No.  63  bad  \,\0%  reiuforcement 


...^ . 


Fig.  2. — Failure  when  Bars  Split  Away  frooo. 
Upper  Portion  of  Beam. 
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Table  10. 
Tool  Stebl  RBiNiroRCBicBNT. 
Loads  Appubd  at  Okie-Third  Points. 


Beam 

Percent 
Reinforce- 
ment 

< 

Load  at  First 

Viaible  Crack 

ds 

!. 

1- 

ICalcalated  Stress  in  Steel 
lb.  per  sq.  in. 

Manner 

No. 

From 
Resisting 

From 
Deforma- 

of 
Failnre 

^ 

36  S. 

Moment 

tions 

49 

1.10 

.430 

9000 

11300 

11000 

35400 

37800 

Bond 

53 

1.10 

.510 

6(XN) 

8000 

8000 

26600 

29700 

Bond 

5e» 

l.iO 

• . .  • 

860 

•  •  • . . 

. .   . 

..... 

Bond 

57 

1.10 

.472 

2000 

7350 

7000 

22900 

28500 

Bond 

60t 

1.10 

.380 

6000 

13200 

13000 

23500 

27000 

Bond 

62 

1.10 

.480 

2000 

8100 

8000 

26300 

22600 

Bond 

67 

1.10 

.381 

600*) 

8600 

8000 

25200 

27500 

Bond 

51» 

1.66 

.500 

5000 

11800 

11000 

24100 

32400 

Bond 

52 

1.66 

.520 

6000 

15000 

15000 

33100 

40800 

Bond 

55 

1.66 

.590 

8000 

9950 

9950 

22600 

21000 

Bond 

61 

1.66 

.481 

5000 

6600 

6600 

14300 

16200 

Bond 

*    Beam  was  cracked  before  test    In  Beam  No.  56  reinforcing  ban  wero 
wrapped  in  oiled  tissne  paper. 

t    Beam  No.  60  was  loaded  at  two  points  7}  ft  apart 


;^3  oirz: 


B$amNa3l 


J_ 


i3 


fitamNei53 


dtomAkK35 
i 


Z3 


i 


Na.67 

1- 


^€amNeL6Z 


Pig.  3.— Sketch  Showing  Failure  oi  Beams 
Reinlorced  with  Tool  Steel  Bar^. 


470 


kij:iXFORCED  CONCRETE. 


T\BLE  11. 
VAum'or  VwrncAL  Shbabino  Stsms  and  Bond  Dbvblopcd  in  Beams  pAXUsa 

BY  DiAQOKAL  TlNUON. 


Beam 
No. 

Vertical  Shearing 
8treflB 
lb.  per  0q.  in. 
V 

Bond 

lb.  per  sq.  ill.  of 

surface  of  bars 

V 

«  -  mod- 

Remarks  * 

14 
16 
18 
20 
24 
28 
29 
33 
34 
38 
46 

Av. 

39 
40 
41 
42 
44 

Av. 

133 
143 
151 
86 
130 
124 
137 
120 
104 
117 
109 

123 

62 
78 
76 
67 
80 

"to" 

170 
182 
193 
109 
110 
106 
117 
135 
116 
143 
112 

136 

80 

100 

96 

73 

101 

90 

Loaded  at  two  points  7}  ft  apart 
Loaded  at  two  points  7i  ft.  apart 
Loaded  at  two  points  7   ft  apart 

2.21^  mild  steel  reinforcement 
2.21)(  mild  steel  reinforcement 
2.2I)(  mild  steel  reinforoem««t 
\,6e%  mild  steel  reinforcement 
1.6W  mild  steel  reinforcement 
1.90%  mild  steel  reinforcement 
IM%  mild  steel  reinforcement 

Abnormal  concrete 
Abnormal  concrete 
Abnormal  concrete 
Abnormal  concrete 
Abnormal  concrete 

*    Unless  otherwise  stated,  all  beams  in  this  table  were  of  1^  mild  steel  i 
forceoeot,  loaded  at  one-third  poiata. 

T\BLE  12. 

Valum  op  Vxrtical  Shbakiko  Bmm  akd  Bond  Developed  i!f 
.  Beams  RBUcroKSD  with  Tool  Steel. 


Vertical 

Bond 

Shdarfng  8tre« 

lb.  per  aq.  in. 

Beam 
No. 

lb.  per  8Q.  in. 

of  surface  of  bar 
V 

Remarks  * 

•  =  W 

""'mod- 

49 

95 

161 

1.1 0)(  reinforcement 

63 

72 

123 

l.lOi  reinforcement 

67 

OG 

112 

1.10)^  reinforcement 

60 

J07 

181 

62 

73 

124 

l.W  reinforcement 

67 

73 

124 

1.10)1  reinforcement 

61 

101 

114 

l.CG%  reinforcement 

62 

126 

143 

1.66j<  reinforcement 

56 

107 

120 

1.66^  reinforcement 

Av. 

91 

133 

61t 

61 

69 

66 

.... 

l.lOjt  reinforcement 

See  Table  17  for  additional  notes. 

Beam  No.  67  had  artificial  cracks  outside  of  the  load  points. 
Note.— <f'  of  Tables  1 1  and  12  is  «'  of  Chapter  II 
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E 


n:::^ 


Pig.  4. — Sketch  Showing  Form  in  which  Bars  were  Bent. 


1 


1 


=P=X 


Fig.  5. — Sketch  Showing  Exposed  Rods. 


Table  13. 

n  Stbbl  in  Bkams  having  Tool  Stbil  BuxnoBCiiiiilt 
WITH  Barb  Exposed. 


Beam 

Load 

Consid- 

ered 

Stress  in  ilteei 
lb.  per  sq.  in. 

From 
Resisting 
Moment 

From  Elongations  in 

No. 

Exposed 
Steel 

Exposed  and 
Encased  Steel 

49 
62     . 

e2 

AvenKge 

8000 
8000 
8000 

25900 
26100 
26100 
26000 

23000 
25200 
25800 
24700 

27000 
29400 
23100 
26600 

APPENDIX  B. 

Results   op   Plain    and    Reinforced    Concrete    Column   Tests    at 
Watertown  Arsenal.*  « 

By  James  E.  Howard. f 

Tests  on  cements,  mortars  and  concretes,  which  have  been  in  progress 
during  the  past  six  years  at  the  Watertown  Arsenal,  have  reached  the 
subject  of  columns.  Of  these,  99  have  been  tested,  others  have  been 
made  and  await  being  tested,  while  still  others  of  the  series  are  yet  to 
be  made. 

The  tests  embrace  columns  of  different  mixtures,  ranging  from  neat 
cement  to  very  lean  concretes,  both  plain  and  reinforced,  with  longitudinal 
bars  imbedded  therein,  or  by  the  several  current  methods  of  external 
lateral  reinforcement,  consisting  of  hoops  and  other  means,  and  also  by 
the  combined  action  of  hoops  and  longitudinal  bars.  Reinforcing  mate- 
rial has  been  received  from  the  Expanded  Metal  Companies,  the  Henne- 
bique  Construction  Co.,  the  Trussed  Concrete  Steel  Co.,  the  Cummings 
Structural  Concrete  Co.  and  the  Clinton  Wire  Cloth  Co. 

♦  Paper  read  at  the  June,  1906,  meeting  of  the  American  Society  for  Testing  Materials, 
t  Watertown  Arsenal.  Massachusetts. 
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TABLE  I.— SHOWING  CONCRETE  AND  MORTAR  COLUMN  TESTS  AT  WATER- 
IN  TESTS  OF  METALS.  X905. 
Composition 
Diameter  of  Stone  or       Kind  of  stone  Age. 


No.  of  testa. 

column.        Cement. 

Sand. 

cinder. 

or  cinder. 

Ins.             Pans. 

ParU. 

Parts. 

Mos. 

Ds}^ 

i7«S 

12.35                     I 

2 

4 

1  to  I J  in. 
trap  rock. 

5 

1722 

12.25                             I 

4 

*• 

1724 

12.45                      I 

4 

•• 

1720 

12.25                             1 

6 

•* 

1719 

12.45                             1 

6 

•• 

1721 

12.40                             t 

6 

'• 

1723 

12.34                            « 

6 

" 

1725 

12.35                             1 

6 

•• 

1 734 

10.40                             I 

0 

none. 

I7J5 

10.40                             I 

0 

«730 

10.4s                     X 

2 

i  to  i^in. 
trap  rock. 

1736 

10.38                 I 

0 

none. 

1737 

10.40                   I 

0 

1733 

10.40                 t 

s 

!  to  1  ^  in. 
trap  rock. 

I  73  I 

10.40                    X 

4 

" 

1740 

10.38                   z 

4 

•• 

I74« 

10.38                    t 

4 

•' 

1739 

X0.35               I 

4 

" 

1738 

10.38                    z 

4 

" 

1692 

Z0.40                    I 

4 

•• 

1726 

10.30               1 

4 

" 

1728 

12. OO*                            1 

4 

" 

1746 

10.36                 I 

4 

i  to  1  in. 
trap  rock. 

1744 

11. 95*                    X 

4 

•* 

x73a 

10.38                   X 

6 

1  to  xjin. 
trap  rock. 

I742t 

10.38                    X 

6 

•* 

1 74  J 

10   38                       X 

6 

cinders. 

1737 

X0.35               I 

6 

|to  r*  in. 
trap  rock 

1729 

12. 02*                           1 

6 

" 

1747 

10  36                     X 

6 

i  to  i  in 
trap  rock. 

1745 

11. 95*                    X 

6 

.« 

1714 

12.00                     X 

4 

l-in.  trap  rock. 

17»7 

12.00                    1 

4 

" 

1712 

12.45              1 

X  12.47 

4 

«7I3 

12.45                           X 

X  12.47 

4 

1716 

12. 48                           I 
X   12.49 

4 

" 

X715 

"45                     I 

X  12.49 

s 

•i 

M 

1 70s 

12.02                   I 

5 

6 

ito  x^in. 
trap  rock. 

1706 

12.02                    1 

3 

6 

i  to  1}  in. 

pebbles. 

1707 

xa.oo                     X 

3 

6 

cinders. 

♦  Exterior  Shell. 

t  Column  Nv*.  1742  was  defective;  one  hoop  was  dUplaoed  duriiuz  construction. 
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TOWN    ARSENAL,    MADE    SUBSEQUENT    TO    LAST    PUBLISHED    RESULTS- 
COLUMNS  EIGHT  FEET  HIGH. 

Cross  Weight  of 

sectional  concrete  or 

Reinforcing                       area.  mortar 

metal.  per  cu.  ft. 

Sq.  ins.  Lbs. 


Compressive 

strength. 

Total.  Per 

sq.  in.       No.  of 
Lbs.  Lbs.         tests. 


a-in.  mesh  wire  ca^e. 

1x9   79 

149.6 

263.538 

3.300 

1718 

3-in.  mesh  wire  cage. 

XX7.86 

151.3 

343.000 

3.053 

1722 

**             " 

"I.  74 

149  4 

318,000 

3,6x0 

1724 

3-in.  mesh  wire  cage. 

XX7.86 

iSO.x 

159.111 

1,350 

X720 

..         •.             •• 

13X    74 

145    7 

X  68.000 

1.380 

17x9 

**         *'             •' 

ISO. 76 

143 . I      , 

183.500 

1,520 

X72I 

3-in.  mesh  wire  cage. 

XZ9.60 

147.6 

197.340 

1,650 

1723 

"         "             *• 

X19.79 

149   6 

306.000 

1.720 

1725 

None. 

84  95 

132.6 

367.000 

4.320 

1734 

35  i.5-in.  hoops  and  4  angles. 

84.95 

133  6 

508,000 

5.980 

1735 

85.77 

149    X 

466,000 

5433 

1730 

None. 

84.63 

XX8.7 

88,85  X 

X.050 

1736 

35  1.5-in.  hoops  and  4  angles. 

84.95 

1X9  9 

335,000 

2,766 

1737 

84.95 

Z46  6 

255,000 

3.002 

1733 

None. 

84  95 

150.0 

X  30.000 

1413 

173X 

13  x.5-in.  hoops. 

84.63 

149   2 

X  88,900 

3.332 

1740 

35  1.5-in.  hoops. 

84.63 

X48.6 

390.100 

3.428 

1741 

47  1. 5  in.  hoops. 

84    13 

149   4 

445.000 

5.289 

1739 

13  X  5  in.  hoops  and  4  angles. 

84.63 

150.7 

356.300 

3029 

1738 

35  1  5-in.  hoops  and  4  angles. 

84  95 

144    2 

360.400 

3065 

X692 

<•               ••         ••             •• 

83   3a 

150.7 

349.000 

4  189 

1726 

•*               ■*         ••             *■ 

Z13  ■  xo 

149   4 

370000 

3.271 

1738 

48  i-in.  hoops  and  4  angles. 

84  30 

147    2 

324.000 

3.843 

1746 



143 . x6 

148    3 

335.200 

2,989 

1744 

None. 

84.63 

X48    3 

63.465 

750 

1732 

35  x.5-in.  hoops. 

84.63 

145.9 

x63  300 

X.918 

X742t 

..               .. 

84.63 

101    3 

96000 

1.134 

1743 

35  z  5-in-  hoops  and  4  angles. 

84.13 

148.3 

325.000 

3.863 

1727 



"3  47 

144.6 

399.000 

2634 

1729 

48  I -in.  hoops  and  4  angles. 

84.10 

138. 9 

313.000 

2  51s 

1747 



113. 16 

14a    3 

359.000 

2.309 

1745 

3  Kahn  bars  and  1 1  hoops. 

X13   »o 

145.4 

365  500 

2.350 

1714 

•1             II           •• 

ii3.»o 

145.6 

237-510 

3.100 

17x7 

4  Kahn  bars  and  11  hoops. 

155.25 

143.4 

279.450 

X.800 

17x2 

.. 

155.25 

144.6 

394.000 

2,538 

X713 

.. 

155.88 

143.8 

396.173 

1.900 

17x6 

4  Truscon  bars  and  xx  hoops. 

155.50 

145.8 

367.. SOO 

2.363 

1715 

None. 

113.47 

X46.  I 

z6t.ioo 

1.446 

1705 

" 

113.47 

laS.o 

143.000 

1.360 

1706 

*t 

113 .  10 

XOI  .1. 

78.900 

698 

1707 
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In  general  the  dimensions  of  the  columns  are  8  ft.  in  height  and  from 
lo  ins.  to  12  ins.  in  diameter.  They  are  made  in  molds,  excepting  a 
number  of  those  having  expanded  metal  cages,  which  were  covered  with 
finer  mesh  lathing,  in  a  vertical  position,  of  wet  mixtures,  and  harden  in 
the  air.  They  are  tested  in  a  horizontal  position.  For  purposes  of  trans- 
protation,  adjustment  in  the  testing  machine,  and  to  secure  even  bearing 
surfaces,  they  are  built  upon  iron  plates  and  capped  with  the  same. 
Side  rods  with  tumbuckles  are  used  to  put  the  columns  under  sufficient 
initial  compression  to  permit  of  being  handled. 

During  testing,  the  columns  are  loaded  with  increments  of  50  lbs. 
per  sq.  in.,  measuring  the  amount  of  compression  vmder  each  increment 
returning  to  the  initial  Ipad  and  observing  the  sets.  Micrometer  obser- 
vations are  thus  made  on  a  gaged  length  of  50  ins.,  equidistant  from  the 

^.     ,^  LONGITUDINAL 

PLAIN  REENPORCBMENT 


Fio.  1. — Compressive  Strengths  m  Lbs.  per  Sq.  In.  of  Plam  and  Re- 
inforced Mortar  Columns  of  from  1-1  to  1-5  Cement  and  Sand  Mixtures. 
(The  black  areas  in  the  reinforced  columns  show  the  relative 
amounts  of  reinforcement.) 

ends  of  the  columns.  Full  details  of  these  tests  are  published  in  Tests 
of  Metals,  a  Congressional  document,  issued  by  the  Ordance  department, 
U.  S.  Army 

Table  I  gives  the  principal  features  of  tests  which  have  been  made 
since  the  last  published  report,  of  1905.  These  results,  in  detail,  will 
appear  later  in  tests  of  Metals,  1906. 

In  presenting  tests  reaching  up  to  the  time  of  this  meeting,  necessarily 
little  opportunity  has  been  available  for  comparisons  and  deductions. 
Indeed,  since  the  series  is  by  no  means  completed,  extended  deductions 
should  be  held  in  abeyance  Certain  features  of  interest,  however,  have 
been  developed  and  will  be  referred  to,  for  the  illustration  of  which  a  num- 
ber of  diagrams  have  been  prepared. 

On  diagram  1  are  represented  the  compressive  strengths  of 
some  mortar  columns,  plain  and  reinforced  with  longitudinal  bars  of 
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J-in.  twisted  steel.  The  progressive  loss  in  strength  of  the  plain  columns, 
as  the  mixture  becomes  leaner,  will  be  noted.  The  ultimate  strength 
of  the  I  :i  column  was  not  reached.  It  exceeded  the  capacity  of  the 
testing  machine.  This  mixture  was  not  reinforced.  Each  of  the  others 
was  reinforced,  four  with  8  bars  each,  and  one  with  13..  The  percentage 
of  reinforcement  was  about  2.86  and  4.63,  the  darker  shaded  lower  ends 
of  the  figures  representing  the  relative  amounts. 

The  steel  reinforcing  bars  extended  from  end  to  end  of  the  coltmins, 
and  came  to  a  full  bearing  against  the  compression  platforms  of  the 
testing  machine.  They  were  used  without  other  lateral  support  than 
that  which  was  afforded  by  the  mortar  in  which  they  were  imbedded. 
These  reinforced  columns  would  be  classified  as  strong  columns,  accord- 
ing to  current   practice. 


6ooa 


V  o> 


Fig.  2. — Compressive  Strengths  of  Rich  and  Lean  Mortar  and  Concrete 
Columns  Reinforced  with  Bars  and  Hoops. 


Diagram  2  shows  the  strength  of  a  rich  and  a  lean  mortar,  each  of 
which  was  reinforced  with  hoops  and  longitudinal  angle  bars;  also 
corresponding  concretes,  reinforced  The  hoops  measured  1.5  by  0.12 
in.  in  cross  section,  lapped  and  riveted  joints  The  plain  i.i  mortar 
displayed  a  compressive  strength  of  4,320  lbs.  per  sq  in.,  which  in  the 
hooped  column  rose  to  5,980  lbs.  The  addition  of  two  parts  trap  rock 
to  this  mortar  resulted  in  a  strength  of  5  4.33  lbs .  This  loss  in  strength, 
by  the  addition  of  stone  to  a  mortar,  is  not  peculiar  to  this  example.  It 
has  occurred  in  a  number  of  cases 

The  weaker  1 14  mortar  was  raised  by  the  hooping  and  angles  from 
1,050  lbs.,  to  2,766  lbs.  which  in  the  corresponding  concrete  reached 
an  ultimate  strength  of  3,002  lbs.     The  free  span  between  the  hoops, 
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a)  ins.,  permitted  this  lean  mortar  to  flake  off,  while  the  larger  pieces 
of  stone  in  the  concrete  were  retained  in  place. 

On  the  diagram  3,  which  next  follows,  the  several  columns  were  of 
the  same  composition,  namely,  i  :2 14  mixtures.  This  diagram  is  intended 
to  illustrate  the  effect  of  hooping  alone,  and  with  the  further  reinforce- 
ment of  longitudinal  angle  bars.  The  compressive  strengths  of  this, 
group  are  as  follows: 

Plain  column 1.413  lbs.  per  sq.  in. 

13  hoops 2,232 

X3  hoops  and  4  angle  l»rs 3,029 

25  hoops 3.428 

25  hoops  and  4  angle  bars 4.189  '* 

47  hoops S.289 

Thus  it  appears  that  the  hoops  and  angles  each  contributed  toward  in- 
creasing the  ultimate  strength  of  the  columns. 

RCCNI^ORCQICNT,  HOOPS  AND  ANGLES 

47H 

5000 


1.2.4   CONCRETES 

Fig.  3. — Compressive  Strengths  of  1-2-4  Concrete  Columns  with 
Various  Forms  of  Reinforcement  as  Indicated. 


The  question  of  ulitmate  strength  only  is  now  referred  to,  considering" 
the  gain  effected  by  means  of  lateral  reinforcement.  It  will  be  shown 
presently  that  rigidity  of  shape  does  not  advance  in  corresponding  de- 
gree with  the  gain  in  compressive  strength.  This  is  regarded  as  an 
important  feature,  not  to  be  overlooked  in  judging  of  the  advantages 
of  exterior  lateral  support  as  compared  with  longitudinal  reinforcement, 
or  the  gain  in  both  strength  and  rigidity  which  accompanies  the  use  of 
rich  cement  mixtures.  Any  desired  strength  may  be  attained  by  means 
of  lateral  reinforcement,  if  sufficient  metal  is  used,  but  it  is  obvious 
that  a  certain  amount  of  longitudinal  compression  of  the  concrete  will 
be  necessary  before  the  lateral  reinforcement  becomes  effective  which, 
in  the  case  of  lean  mixtures,  involves  a  large  direct  compressive  move- 
ment  of   the    column. 
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On  diagram  4  are  represented  several  columns  wnich  are  strong  by 
reason  of  their  composition  or  on  account  of  their  reinforcement.  In 
composition,  reinforcement  and  strength,  they  ar^  described  as  follows: 

1:1  mortar,  plain above  s.oi i  lbs.  per  sq.  in. 

i:i:a  concrete,  p!ain 3.900  " 

i:a  mortar.  8-|  ins.  twisted  steel  bare 4<30o 

1:5  mortar.  13-  J  ins.  twisted  steel  bare 3.90S  " 

1:3:4  concrete,  25  hoops  and  4  angle  bare 4>i^  " 

1:3:6  concrete.  25  hoops  and  4  angle  bare 3.862  " 

1:4:8  concrete,  25  hoops  and  4  angle  bare 3.002  " 

The  relative  rigidity  of  these  columns,  a  feature  not  suggested  by  a 
comparison  of  their  compressive  strengths,  is  indicated  on  diagram  5. 

The  order  in  which  the  compression  curves  appear  is  the  same  as  the 
figures  on  diagram  4,  excepting  the  1:1  mortar  and  the  1:1:2  concrete 
change  places,  the  latter  appearing  first  on  the  left  of  this  group.  As 
may  be  noted,  the  plain  columns  display  -the  ^eatest  rigidity  of  the 

LONGITOQINAL 
<PLAI1I>         <iAftS>         <     HOOPED    > 


Fig.  4 — D'agram  Showing  G^lumns 
that  Proved  Especially  Strong  Because 
of  Composition  or  Reinforcement. 

several  types  here  represented.  This  has  been  a  noticeable  feature 
in  the  tests  as  a  whole. 

It  is  even  found  that  plain  columns  are  a  little  more  rigid,  over  the 
range  of  stresses  here  plotted,  than  the  same  mixtures  in  which  longi- 
tudinal bars  are  used  as  the  means  of  reinforcement.  In  so  many  cases 
has  this  occurred  that  some  explanation  should  be  sought  why  the 
presence  of  the  steel  bars,  themselves  so  much  more  rigid  than  the  con- 
crete, should  not  result  in  increased  rigidity  of  the  column  as  a  whole. 
It  is  not  improbable  that  the  settlement  in  height  of  the  column  is  so 
far  restricted  by  the  steel  bars  that  minute  fissures  are  developed  during 
the  early  stages  of  hardening  of  the  concrete.  Internal  strains,  without 
the  presence  of  fissures,  would  hardly  account  for  th's  behavior.  The 
difference  between  the  plain  and  the  longitudinally  reinforced  columns 
is  not  great,  however,  in  this  respect. 

The  hooped  columns  are  a  distinct  group,  and  decidedly  more  com- 
pressible than  the  others.  Comparisons  are  now  being  made  between 
columns  of  different  mixtures,  and,  it  may  be  added,  the  leanest  mixtures 
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are  expected  to  display  the  greatest  compressibility.  However,  lateral 
reinforcement,  while  effective  in  raising  the  ulitmate  strength  for  loads 
once  applied,  does  not  result  in  importing  rigidity  to  a  weak  concrete. 
The  value  of  lateral  reinforcement,  as  a  method  of  raising  the  limit  of 
endurance  against  long  continued  or  repeated  stresses,  is  a  query  sug- 
gested by  an  inspection  of  these  curves. 

Diagram  6  is  introduced  merely  to  show  the  range  in  compressibility 
which  is  experienced,  and  the  sets  developed,  in  different  mixtures. 
The  several  curves  refer  to  hooped  columns,  excepting  the  i:i  mortar. 
They  are  plotted  because  of  their  greater  strength  over  the  plain  mixtures, 
but  the  curves  are  similar  in  their  characteristics. 

The  moduli  or  elasticity  at  successive  stages,  referring  to  values  over 
a  range  of  500  lbs.  p>er  sq.  in.  next  above  the  initial  load,  are  shown  on 
diagram  7.  In  obtaining  these  values  the  column  were  loaded  with 
successive  high  stresses  and  then  returned  to  the  range  from   100  to 


Fig.  5. — Diagram  Showing  Rel- 
ative Rigidity  of  Columns  Shown 
in  Fig.  4, 
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veloped in  Different  Mixtures. 


600  IbSj  at  which  time  the  micrometer  observations  were  made.     The 
numerical  values  were  as  follows: 


1:1  MORTAR.  PLAIN. 

Original  value  of  E 3.378,000  lbs.  per  sq.  in. 

After  a  load  of  i.ooo  lbs 3.247,000 

1.500     ' 3.247.000 

a.ooo    " 3.205.000 

2.500    " 3.165.000 

'"  3.000    •* 3.686.000 

3.500     * 3,086.000 


1:2:4  CONCRETE.  25  HOOPS. 

Original  value  of  E 2  874.000  lbs.  per  sq.  in. 

After  a  load  of  i.ooo  lbs 2,551.000  " 

'*               1.500     ' 2.016.000  " 

**               2.000    " 1.582.000  '• 

*'               2.500     * 1,337.000  •• 

"               a. 800    •* 1,244,000  *• 


APPENDIX  B. 


479 


1:3:6  CONCRETE.  48  LIGHT  HOOPS,  4  ANGLE  BARS. 

Original  value  of  £ i.aao.ooo  lbs.  per  sq.  in. 

After  a  load  of  1,000  lbs 899,000  " 

"  1.500    " 801,060  *• 

3,000    *' 9x3,000  " 

1:3:6  CONCRETE,  CINDER.  35  HOOPS. 

Original  value  of  E 703,000  lbs.  jjcr  sq.  in. 

After  a  load  of     850  lbs 538,000 

1,000    *' 436,000  " 


Neat  cement  and  rich  mortars  do  not  show  any  considerable  loss  in  the 
value  of  the  modulus  of  elasticity  when  examined  over  an  early  range 
of  loads  succeeding  the  application  of  successively  higher  stresses. 

Other  mixtures  are  subject  to  decided  changes.  After  the  application 
of  each  higher  load  there  results  a  difference  in  the  rate  of  compressibility 
under  lower  stresses,  the  modulus  in  some  instances  dropping  to  less 


Fig.  7. — Diagram  Showing  Moduli 
of  Elasticity  at  Successive  Stages 
over  a  Range  of  Stress  of  500  Lbs. 
ifom  100  Lbs.  to  600  Lbs.  per  Sq.  In. 


Fig.  8.  —  Diagram  Showing 
Noncoincidence  of  Curves  of  As- 
cending and  Descending  Stresses. 


than  one-half  its  original  value.  It  will  be  understood  from  this  that 
the  proportion  of  load  carried  by  steel  in  combination  with  concrete 
is  subject  to  great  fluctuations.  This  feature  will  deserve  consideration 
in  the  case  of  Reinforced  beams,  when  they  are  studied  in  the  manner 
in  which  the  present  column  tests  are  being  carried  out. 

It  may  be  remarked  in  passing  that  compressive  stresses  exceeding 
50,000  lbs.  per  sq.  in.  are  of  frequent  occurrence  in  columns  tested  to 
their  ultimate  resistance,  whence  it  follows  that  steel  employed  for 
longitudinal  reinforcement  should  have  an  elastic  limit  not  less  than 
the  above. 

In  addition  to  the  changes  in  the  modulus  above  referred  to,  the  curves 
of  ascending  and  descending  stresses  do  not  coincide,  the  departure 
increasing  with  the  application  of  successively  higher  loads.  This  be- 
havior is  indicated  upon  diagram  8,  which  shows  the  stress-strain 
curves  of  four  columns. 
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These  curves  were  obtained  after  the  coliunns  had  been  loaded  as 
follows : 

I :  I  mortar,  plain,  after  having  been  loadr.'.  with 3.500  lbs.  per  sq.  in. 

I :  I  mortar,  a  5  hoops  and  4  angle  ban,  after  having  been 

loaded  with S.700 

1:4:8  concrete,  as  hoops  and  4  angle  bars,  after  having 

been  loaded  with a.soo  '* 

I : a  :4  concrete,  a  5  hoops,  after  having  been  loaded  with . .  3 , aoo 

Concerning  the  amount  of  lateral  expansion  which  accompanies  the 
direct  compression  of  the  material,  observations  have  been  made  on 
several  columns.  Measurements  have  also  been  made  upon  the  ex- 
pansion of  the  hoops  of  hooped  columns  during  testing.  Adjacent  hoops 
have  been  foimd  working  under  very  different  strains.  The  location 
of  final  rupture  in  unreinforced  columns  is  often  indicated  prior  to  reach- 
ing the  maximum  load,  by  reason  of  the  greater  lateral  expansion  in 
thit  vicinity. 

Columns  have  been  made  for  test  by  long  continued  loads,  and  are 
now  sustaining  stresses  of  different  amounts.  The  loads  are  maintained 
by  means  of  groups  of  steel  bolts  which  tighten  end  plates,  between  which 
the  columns  are  located. 

In  conclusion,  it  is  believed  that  the  present  tests  are  sufficiently  ad- 
vanced to  indicate  clearly  that  high  ultimate  strength  may  be  reached 
by  each  of  the  three  current  methods  of  practice;  that  is,  by  the  use  of 
rich  mortars  or  concretes,  by  means  of  sufficient  longitudinal  metal 
reinforcement,  and  by  means  of  adequate  hooping  or  other  external 
lateral  support,  Rigidity  of  the  columns  will  be  attained  by  the  use 
of  rich  cement  mixtures  or  by  means  of  longitudinal  steel  bars.  The 
rigidity  of  the  mortar  or  concrete  itself  is  effected  practically  only  by 
the  use  of  rich  cement  mixtures.  Economy  of  cost  to  attain  compressive 
strength,  within  certain  limits,  will  be  promoted  generally  by  the  plentiful 
use  of  cement. 
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APPENDIX  C. 

THE  PROPORTIONS   OF   INGREDIENTS   IN   PORTLAND 

CEMENT   CONCRETE. 

By  Richard  T.  Dana. 

[The  following  method  and  diagrams  for  proportioning  concrete,  by  Mr. 
Richard  T.  Dana,  copyrighted  by  him  in  1905  and  publishe<i  in  Engineer- 
ing News  for  April  20,  of  that  year,  is  given  here  with  Mr.  Dana's  per- 
mission. The  form  of  these  diagrams  is  simple,  and  they  afford  a  practi- 
cal means  of  determining  the  proper  proportions  for  any  given  conditions 
and  also  the  quantity  of  each  of  the  ingredients  necessary  to  make  the 
required  volume  of  finished  concrete. 

The  proper  use  of  these  diagframs  should  result  in  mixtures  more  cor- 
rectly proportioned  than  those  that  have  been  generally  followed,  and 
better  results  will  be  insured  with  a  material  saving  in  cost. 

The  saving  indicated  by  Mr.  Dana's  example  of  mixing  gravel  with  the 
stone,  to  reduce  the  pecentage  of  voids  in  the  latter,  seems  to  be  a  very 
conservative  statement.  Of  course,  there  are  conditions  where  it  would 
not  pay,  as,  for  instance,  where  cement  is  cheap  and  stone  and  gravel  both 
relatively  dear.  On  the  other  hand,  where  cement  is  dear  and  stone  or 
gravel  relatively  cheap,  the  saving  might  easily  be  three  or  four  times  as 
much  as  in  Mr.  Dana's  example. 

The  author  of  Part  I  has  used  the  principles  of  this  method  for  the  past 
eight  years,  and  has  briefly  stated  them  on  page  5. — The  author  of  Part  I.] 

The  assumptions  of  the  theory  are  as  follows: 

(i)  The  voids  in  the  sand  should  be  filled  with  cement  paste. 

(2)  The  voids  in  the  stone  or  gravel  should  be  filled  with  mortar. 

(3)  There  should  be  a  small  and  definite  excess  of  cement  paste 
over  the  amount  necessary  to  fill  the  voids  in  the  sand. 

(4)  Likewise  there  should  be  a  small  and  definite  excess  of  mortar 
over  the  amount  necessary  to  fill  the  voids  in  the  stone. 

(5)  The  voids  in  the  sand  and  stone  are  easily  determinable.  And 
the  voids  of  the  stone,  after  being  rammed,  can  be  determined  before 
addition  of  mortar  with  sufficient  accuracy  for  all  practical  purposes, 
any  error  here  being  on  the  safe  side. 

(6)  The  excess  of  cement  serves  the  two -fold  purpose  of  compen- 
sating for  irregularities  in  mixing,  preventing  accidental  voids,  and  of 
supplying  a  coat  of  cement  over  the  surface  of  each  grain  of  sand  and 
piece  of  stone.  A  larger  excess  of  cement  accomplishes  no  useful  pur- 
pose, makes  the  concrete  more  liable  to  cracks  and  checks,  and,  in  gen- 
eral, reduces  the  density  of  the  mass,  besides  adding  greatly  to  the  cost 
of  the  work. 

Let  C  equal  the  volume  of  cement  paste  in  a  unit  volume  of  concrete. 
Let  5  equal  the  volume  of  sand. 

'*     G     "      the  volume  of  stone  or  gravel. 

"     V     "      unit  volume  of  the  finished  concrete. 

"     a      "      percentage  of  voids  in  stone  or  gravel. 

"     b       **      percentage  of  voids  in  sand, 
(i)  Then  G  (i— a)  equals  net  volume  of  stone. 
(2)       "     5  (i— 6)       •'  •*  "  "      sand. 
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Then,  if  all  voids  are  filled  (a  condition  never  quite  fulfilled  in  practice), 

(3)  V  equals  C+G  (i-a)+5  (1-^6). 

56      *'      volume  of  voids  in  the  sand. 
Ga      "  '*  "         "       stone. 

Now,  in  order  exactly  to  fill  the  voids  in  the  mortar,  C  must  be  56. 

(4)  But,  allowing  a  percentage  of  excess,  E,  C^{i  +E)Sh,  From  (2) 
the  total  volume  of  the  mortar  is  C+5(i— 6).     Substituting  (4), 

Mortar  equals  56  (i  +  E)  4-5(i— 6). 
"      56+£:56+S-56. 
"      5(i+E6). 

(5)  Now,  in  order  just  to  fill  the  voids  in  the  stone,  this  quantity 
should  equal  Ga,  but,  allowing  a  percentage  of  excess,  £,  (which  may  be 
taken  as  the  same  as  in  the  case  of  the  cement  and  sand),  we  have 

(6)  Ga{i^E)^S{i+Eh). 

Also  net  volume  plus  mortar  equals  V,  or 

(7)  G{i-a)+Ga{i-{-E)^V, 
Clearing  of  brackets,  (7(i  -\-aE)  —  V. 

Ga  (i+E) 

5 
Now  the  ratio  of  sand  to  cement  is  equal  to  7;,  and  the  ratio  of  stone 

,       G  ^ 

to  cement  is  equal  to  — . 

5  G^a(i+J5:) 


5  I 

(10)  Substituting  (6).  — -^ 

^^^'  ^^■(rPE6)-'''""^^^^- 

C 
And  -^^ —  (i  +  £)6,  from  (4). 

Multiplying  these  two  equations  together,  we  have 
C      ab(i-hE)^ 


(II) 


G        (i+Eb)' 


These  equations  (zo)  and  (11)  will  give  the  relative  quantities  of  sand 
and  stone  in  concrete,  the  amotmt  of  cement  paste  being  taken  at  unity. 
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Diagram  1. 


Diagram  2. 
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8  10 

Diagram  3. 


12 


6  6 

Diagram  4. 
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Bbli.ofCement'percu.yd.Concrcie  ^ 

cu:ft  of  Cement  Fxsteeaaty-fyr 
one  a/yd.  of  Concrete. 


Diagram  5. 


as  1.0  IS 

Bbte.  of  Cem^rtf  per  cuyd.Concrete. 
BarfehofCerhent(ayeraqing  3,5cu.yd5, 
of  Cement  Bxste  each)  /drone  ca.ycf.of 
Concrete* 

Diagram  6. 
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Equation  (8)  gives  the  amount  of  stone  per  unit  of  concrete,  and  from 
it  the  amoiuit  of  cement  paste  is  determinable. 

These  expressions,  for  different  values  of  a,  6,  and  E,  are  plotted  on 
the  accompanying  diagrams,  from  which  can  be  read  at  once  the  pro- 
portions necessary  for  any  given  quality  of  concrete  and  percentages 
of  voids.  The  extreme  stone  values  given  in  the  diagrams,  when  the 
stone  voids  are  35  per  cent,  and  the  sand  voids  15  per  cent.,  will  rarely 
be  arrived  at  in  practice,  but  the  diagrams  can  be  used  with  perfect 
confidence  and  with  absolute  assurance  that  the  voids  will  be  filled, 
provided  that  the  voids  in  the  sand  and  stone  are  properly  determined 
in  the  first  instance.  It  will  be  noted  that  the  voids  m  the  stone  are 
supposed  to  be  the  same  in  the  first  determinations  as  after  mixing  m 
the  mortar.  No  allowance  has  been  made  for  consolidation  by  ramming. 
This  does  not  mean  that  ramming  is  unnecessary. 

It  is  the  writer's  practice  to  mix  the  concrete  with  enough  water  to 
make  it  just  quake  under  ramming,  and  then  to  ram  rapidly  and  briefly. 
For  watertight  work  slightly  more  water  is  added.  Attention  is  called 
to  the  long  sand  line.  Frequently  stone  is  not  available  or  is  very  ex- 
pensive, when  gravel  is  cheap  and  plentiful.  By  mixing  gravel  from  two 
parts  of  the  bank,  the  voids  can  often  be  reduced  to  15  per  cent,  or  20 
per  cent.  With  E  equal  to  10  per  cent.,  this  makes  splendid  concrete, 
mixing  in  the  cement  directly,  from  i  to  4  or  5  to  i  to  6,  and,  by  stretching 
a  point,  even  higher.  A  large  proportion  of  the  writer's  concrete  work 
of  late  years  has  been  with  sand  and  gra/el  alone,  stone  costing  Irom 
$1 .50  to  $2  per  yard  on  the  work,  and  cement  from  $1 .25  to  $1 .75  per  bbl. 

For  purposes  of  estimation,  the  writer  classifies  concrete  by  the  value 
of  £,  and,  in  writing  specifications  and  in  the  field,  uses  the  ordinary 
nomenclature  of  sand  and  stone,  the  values  being  taken  from  the  diagrams. 

It  will  be  noted  that  the  voids  in  sand  do  not  nm  above  42  per  cent, 
in  the  diagrams.  Frequently  the  first  test  of  sand  will  show  45  per  cent, 
or  50  per  cent,  voids,  but  this  can  nearly  always  be  reduced  by  mixing 
two  kinds  of  sand,  which  is  more  economical  than  using  the  extra  amount 
of  cement  involved. 

The  number  of  cubic  feet  of  cement  paste  which  can  be  obtained 
from  a  barrel  of  cement  depends  upon  a  number  of  factors,  the  thor- 
oughness of  ramming  the  voids  in  the  cement  itself,  amount  of  water 
used,  etc.  The  value  given,  3.5  cu.  ft.,  is  one  which  best  accords  with 
the  writer's  experience,  and  is,  if  anything,  on  the  *'  safe  side." 

For  foundations,  10  per  cent,  concrete  is  recommended. 

For  abutments  and  piers,  15  per  cent,  concrete  is  recommended. 

For  reinforced  work,  20  per  cent,  concrete  is  recommended. 

For  thin  sections,  slabs  and  waterproof  work,  25  per  cent,  concrete 
is  recommended,  with  an  excess  of  water. 

The  voids  in  the  stone  can  easily  be  obtained  by  any  one  in  the  field, 
but  the  sand  voids  are  difficult  to  get,  because,  with  damp  sand,  there 
are  air  bubbles  within  the  mass  that  prevent  the  entrance  of  water  into 
all  the  voids.     A  method  that  has  been  much  recommended  is  to  weigh 
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a  cubic  foot  of  sand,  and  figure  out  the  voids  by  means  of  the  specific 
gravity  of  quarf,  2,65,  or  165  lbs.  per  cubic  foot. 

The  best  method  known  to  the  writer  is  as  follows:  Take  a  quart 
measure  exactly  half-full  of  water,  and  pour  into  it  exactly  one  pint  of 
the  dry  sand.     If  the  water  rises  to  the  first  gill  mark  from  the  top, 

the  voids  are  25  per  cent.;  if  ij  gill  marks  from  the  top,  voids  are  Lil 
=  37.5  per  cent.,  and  so  on.  ^ 

To  illustrate  the  use  of  the  diagrams.  Suppose  that  we  wish  to  make 
foundation  concrete,  and  find  the  voids  in  the  stone  and  sand  45  per 
cent,  and  33  per  cent.,  respectively.  Then,  asstmiing  E  equals  10  per 
cent.,  by  the  diagram  the  proportions  by  volume  are  i  ^2. 75 15.75. 

For  a  check,  the  voids  in  2.75  volumes  of  sand  are: 

3.75X0.33  equals 0.91 

E  equals  10% o  09 

Amount  of  cement  paste  required  (which  checks)  . . . .  i  00 
Also  the  net  volume  of  sand  is  2.75—0.91  equals  1.84  vols. 

Add  cement  paste i .  00 

Voids  in  stone  plus  10%  E  equals 2 .  84 

2.84 
Therefore,  voids  in  stone  equal ,  equals  *  5^ 

2.58 

Stone  equals  equals 5.75 

o  45 

which  checks  with  the  diagram. 

We  wish  now  to  get  the  number  of  barrels  of  cement  per  cubic  yard 
of  concrete.  On  the  small  diagram,  corresponding  to  the  5.75  ordinate, 
we  have  the  abscissa  1.28,  or  practically  1.3.  Had  we  taken  E  equals 
20  per  cent.,  with  the  same  voids,  we  should  have  had  1:2.5:5  concrete 
and  1.40  bbls.  per  yard. 

The  amounts  of  stone  per  cubic  yard  of  concrete  are  0.96  and  0.92. 
found  in  brackets,  on  the  stone  line  of  the  diagrams.  The  values  are 
obtained  by  equation  (8),  and  check  with  practice. 

Take  the  data  of  the  first  example  and  suppose  there  is  a  gravel  bank 
available  not  more  than  J  mile  from  the  work.  We  can  get  screened 
gravel  delivered  for,  say,  50  cts,  per  cubic  yard.  Mix  J  cu.  yard  of  this 
gravel  having,  say,  35  per  cent,  voids,  with  every  yard  of  the  stone. 
Then,  in  every  cubic  yard  of  stone,  there  will  be: 

Voids o .  45  cu.  yd. 

Net  stone 0.55 

Gravel ^.0.25 

Voids  in  gravel  .25  X  35 o  088  ' 

Net.  vol.  gravel o  162  ' 

Gross  vol.  of  stone  and  gravel,  say i .  05 

Voids  in  stone  and  gravel,  1.05 — 0.71  — o  34 
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Voids  =  0.34  -5-1.05  —  32.4  per  cent.,  or,  say,  35  percent.  Our  mix- 
ture with  the  same  sand  then  becomes  1 12.75  7.4,  instead  of  i  :2.75  .s-JS* 
and  the  cement  per  yard  is  reduced  from  i  .3  bbls.  to  i  bbl.  per  yard  of 
finished  concrete. 

The  cost  of  the  screened  gravel  has  been-i^  X  50  cts.,  or  12.1  cts. 

4 
The  extra  labor  of  mixing  will,  on  the  most  liberal  estimate,  not  be 
more  than  10  cts.  per  yard.  The  saving  in  cement  will  be  0.3  bbl.  per 
yd.,  or,  if  the  cement  cost  $1.50  per  bbl.  on  the  work,  45  cts. — a  net  sav- 
ing to  somebody  of  22.9  cts,  per  yd.  of  concrete.  On  a  thousand-yard 
job  this  is  a  saving  of  $229  at  an  expenditure,  on  the  part  of  the  engineer, 
of  an  hour's  time  and  a  little  gray  matter.  On  a  ten-thousand-yard 
job  the  saving  is  no  small  item,  and  even  on  a  small  piece  of  work  the 
saving  pays  the  cost  of  the  engineer's  time  many  fold.  Bear  in  mind 
that  the  mortar  is  just  as  rich  as  it  was  before,  and  that  the  resulting 
concrete  should  be  jvst  as  strong.  These  figures  are  finely  drawn,  but 
they  are  well  w^ithin  the  limits  of  practice. 

The  diagrams  also  give  an  idea  of  some  of  the  pitfalls  attending  the  use 
of  our  old  standbys,  the  i;2;5  and  1:3:6  mixtures,  without  first  ascer- 
taining the  voids.  The  i  .2  :$  mixture  contains  an  unnecessarily  large 
amount  of  cement  in  the  mortar  and  too  much  stone  where  the  sand 
voids  are  34  per  cent,  or  less.  The  i  :3 :6  mixtiu^  is  all  right  for  30  per 
•cent,  sand  and  47  per  cent,  stone,  but  for  35  per  cent,  stone  8  parts  may 
be  used,  E  being  10  per  cent. 

There  were  some  very  interesting  experiments  by  Prof.  C.  E.  Sherman, 
published  in  Engineering  News^  Nov.  19,  1903,  from  which  it  was  shown 
that  with  1:3  mortar  (by  weight)  an  addition  of  15  per  cent,  of  loam 
or  clay  to  the  sand  gave  an  actual  large  increase  of  strength  to  the  mor- 
tar. The  inference  is  that  dirt,  or  loam,  or  clay  in  the  sand  to  the  ex- 
tent of  15  per  cent,  is  a  benefit,  and  not  an  injury  to  the  mortar. 

Without  going  into  an  analysis  of  Prof.  Sherman's  figures,  it  can,  I 
think,  be  shown  that  the  gain  in  strength  is  directly  attributable  to  the 
fact  that  the  clay  or  loam  simply  filled  up  the  voids,  and,  although  the 
quantity  of  cement  was  not  increased,  the  efficiency  of  it  was  increased 
most  decidedly-  This  is  exactly  in  line  with  the  writer's  contention 
that  in  all  concrete  it  is  not  only  desirable  but  economical  to  fill  the 
voids  just  as  much  as  possible.  There  will  be  some  in  the  cement  paste 
under  the  very  best  of  conditions,  but  the  amount  should  be  reduced 
to  the  very  minimum  by  proper  methods  of  mixing,  ramming  and,  not 
least,  proportioning. 

It  is  gradually  but  surely  becoming  impressed  upon  the  engineering 
profession  that  we  have  been  ignoring  the  fact  that  our  pet  "  one,  three  " 
mixture  in  reality  contains  a  large  excess  of  voids,  and  that  if,  instead 
of  reducing  these  voids  by  means  of  clay  or  loam,  or  just  dirt,  we  use 
another  size  of  sand  from  the  same  bank,  we  will  get  a  stronger  and  more 
reliable  mortar  at  the  same  or  a  slightly  higher  price.    The  dirt,  in  the 
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writer's  opinion,  is  a  distinct  disadvantage,  but  call  it  adulterant  of  the 
cement,  instead  oi  giving  it  the  dignity  of  sand. 

It  should  be  noted  that  an  excessively  fine  sand,  or  a  large  number 
of  very  small  stones  in  the  concrete,  when  the  amoimt  of  cement  per 
cubic  yard  is  less  than  0.9  bbl.,  will  affect  the  economical  value  of  £, 
and  the  difficulty  of  mixing.  The  unit  of  dry  cement  in  diagrams  5 
and  6  is  the  packed  unit  and  weighs  about  108  lbs.  per  cubic  foot. 
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Safe    Working    Stresses ^ 

Strength    of    Beams,    Talbot's    Tests 

(1905)    ^^ 

Stresses  for  Timber  Posts i55 
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Testa: 
Arches: 

American    Melan 124 

Austrian lao,  121,  12a 

Stuttgart  123 

Wunsch  123 

Beams 22,  24*  26,  40 

Columns   77 

Hooped-concrete    81 

Ultimate  Compressive  Strength 8 

Variations     of     E^     with     Increasing 

Loads  10 

Watertown    Arsenal     Column    Tests: 

(1904)    481 

(1905)   48a.  483 

(1906)    472,  473 

Talbot's  Tests  of  Beams 26,461 

Tanks  (see  Reservoirs,  Bins): 

Calculation  of   no 

Construction  of   306 

Cement  Storage  307 

Fort  Revere,  Mass.,  Water-tower 312 

Monicr  Construction 307 

Rectangular    315 

Waterproofing  325 

Thacher  Bar  Construction: 

Arch  Bridges  256 

Concreting    425 

Dams    350 

Description  of: 

Riveted  Bar  368 

Rolled  Bar  366 

Thacher's  Specifications: 

P'acing    454 

Placing  Concrete  423 

Thermal  Stresses: 

Calculation    loi 

Combined  with  Shrinkage 103 

Ties,  Detachable,  for  Wall  Forms 404 

Railway  (see  Cross-ties). 

Timber  Beams,  Bending  Moments 154 

Posts,  Table  of  Stresses 155 

Trestle  Bents,  Perth  Amboy,  N.  J 341 

Tunnel   Linings   334 

Boston  SubM'ay   334 

Union   Pacific   Railway 335 
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Tunnel  Revetment 337 

Borsang,  France  338 

Paris,  France  33^ 

Vienna,  Austria  337 

Turneaure's  Tests  of  Beams 21 

Twisted  SteelRods 36s 

V. 
Veneer  (see  Facing). 

W. 

Wall  Construction: 

Concreting    406 

Forms   for   401 

Wall-mold  Ties  404 

Wall  Footings  (see  Foundations). 

Walls: 

Cast-slab  Construction  2i(> 

Expanded-metal    Construction 21S 

Factory  Building  217 

Monier  Construction  218 

Monolithic    214 

Parapet   ' 291 

Plastered   Mesh    218 

Reinf orced-concrete    Frame 220 

Spandrels  (see  Arches). 

Types  of  213 

Veneer  for   215 

Water-jet,  Use  of,  in  Driving  Piles 378 

Waterproofing: 

Arch  Bridges  290 

Tanks    325 

Water-stops    293 

Water-tower   (see  Tanks). 

Watertown  Arsenal  Tests  (see  Tables). 

Water- works  Conduits  (see  Aqueducts). 

Weber  Bar  330 

Welded- wire  Fabric: 

Culverts   280,  282 

Description  of  363 

Floors    181 

Tanks   3*5 

Wharves    171 

Wiinsch  Construction: 

Arch   Bridge    241 

Concreting    4^5 


